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SUMMARY 

This report covers work performed at Convair during the second phase of the study 
"Low Gravity Propellant Control Using Capillary Devices in Large Cryogenic Vehicles. If 
The second phase was an extension of f i r s t  phase analytical experimental and design 
effort. This report contains a discussion of the fluid, thermal, experimental and de- 
sign information developed for the two missions which were considered. 

The missions considered were an S-IVC LH2 and LO2 tank res tar t  in orbit and a pro- 
pellant transfer mission using a LOX tanker to fill an S-IIB. 

Fluid analysis of the missions included capillary device outflow, liquid settling, wicking, 
vapor impingement, and refilling. This information, coupled with Convair screen flow 
testing IRAD results,  was utilized to refine the preliminary capillary device designs 
developed in Phase I. Information on wicking and outflow was formulated into compu- 
ter  programs to predict these phenomena for experimental correlation. 

Thermal analysis was devoted mainly to detailed sizing of capillary device cooling con- 
figurations and consideration of destratification and mixing effects on cooling system 
operation. Systems designed for both missions used the cooling capacity of a thermo- 
dynamic vent system to prevent capillary device vapor formation. System sizing was 
based on maintaining slightly subcooled liquid in the capillary device with the cooling 
capacity made available by normal boiloff requirements. 

The experimental effort consisted of normal gravity bench tests  designed to comple- 
ment the fluid and thermal analysis of the two missions considered. Outflow tes ts  were 
conducted with a transparent scale model S-IVC tank and capillary device to evaluate 
capillary device draining, spilling and vapor ingestion. Results were successfully 
correlated with DREGS2 and INGASP computer models. Pullthrough suppression tests  
in a simple cylindrical container verified the analytical procedures used for sizing 
pullthrough suppression screens. Wicking tests were run to obtain wicking rates in 
screens subjected to heating, most applicable to the LOX tanker mission, and results 
were compared with several analytical and semiempirical models. Results were cor- 
related semiempirically with a viscous capillary flow model. 

The structural design effort refined Phase I designs based on thermal and fluid analysis 
performed in the second phase. The detailed designs developed for the two applications , 

a r e  presented with weight estimates, support, attachment and cooling configuration 
details along with load analysis and assembly drawings, 



Cotlelusions of the study a r e  that capillary devices a r e  effective means of controlling 
propellant in large scale cryogenic vehicles, Additional work is recommended in- 
eluding p r o t o m e  testing and analytical prediction of reorientation and refilling, 



INTRODUCTION 

In orbiting spacecraft containing subcritical storage vessels, periods of orbital drag 
and disturbing accelerations may position liquid away from the tank outlet. Pr ior  to 
engine restart o r  propellant transfer it is necessary to have liquid positioned over the 
outlet in order to effectively accomplish fluid transfer. 

Acquisition devices for controlling propellants prior to transfer come under two cate- 
gories; partial orientation devices that control only a small percentage of the tank 
contents and total orientation devices that attempt to control all the propellant in the 
tank. For the present study partial acquisition devices a re  required for the S-IVC 
restart mission an'd total acquisition i s  required for the LO tanker mission. 

2 

Spacecraft low gravity restarts have primarily been accomplished in the past through 
the use of linear acceleration to provide settling thrust with which to collect fluid over 
the outlet. This well proven technique introduces weight penalties and operational 
constraints compared to more advanced methods of acquisition. These methods in- 
clude positive displacement devices such a s  bladders, bellows and diaphragms, dielec- 
trophoretic devices and capillary devices. 

Capillary devices are  particularly attractive because they are  lightweight, passive and 
introduce minimal operational constraints . These devices, while successfully applied 
to non-cryogenic propellant acquisition, have not been adequately studied for cryo- 
genic fluid applications. Using cryogenic fluids introduces thermodynamic and heat 
transfer problems which greatly affect capillary control system design. 

The purpose of this contract is  to ascertain the feasibility of using capillary devices 
such as screens and/or perforated plates, for propellant control in large scale cryo- 
genic vehicles. 

The first phase of the two-phase program defined the thermodynamic and heat transfer 
problems associated with the use of capillary devices, derived methods for solving 
these problems and selected promising propellant control schemes. This was pre- 
dominately an analytical study with some low cost bench testing required to verify 
basic concepts. Based on the general results s f  the initial analytical and experimental ' 

effort, designs were developed for an S-IVG LEI2 and LO2 tank restart mission and 



an S-IIB LOX ta&er propellant transfer massion, Promisiilg capillary control d e s i p s  
were compared with other means of propellant control in order to ascertain the feasi- 
bility of using capillary devices for  propellant control in large-scale cryogenic vehicles, 

During the second phase of the study, Phase 1 results were used as  a base for an ex- 
perimental/analytieal program which examined the various problems in detail and 
developed design solutions. Techniques developed in Phase I were refined and expand- 
ed. A series of bench tests were run with noncryogenic fluids to provide information 
with which to correlate analytical models and develop empirical relationships where 
analytical models were not applicable. Second phase results have been presented in 
the form of a design handbook containing useful fluid, thermal and structural informa- 
tion, and a report covering analytical, experimental and design studies performed for 
the missions of interest. 

This report is one of four volumes to the final report. The other volumes a re  the 
Design Handbook, Phase I Final Report and Related IRAD Studies. 



FLUID r! NA LVSIS 

The fluid analysis performed in the second phase was devoted primarily to more 
detailed consideration of problems uncovered in Phase I. Areas investigated were 
capillary device residual, spilling, vapor ingestion, refilling and wicking predictions 
and analysis of settling, pullthrough and pullthrough suppression, vapor impingement, 
propellant control screens and wicks for temperature control. 

2.1 S-IVC LH2 TANK START BASKET SURFACE AREA MINIMIZATION 

In the course of the thermal analysis i t  became obvious that the surface area  of the 
S-IVC LH2 tank s t a r t  basket would be a critical factor for  effective s ta r t  basket 
cooling. I t  was, therefore, deemed necessary to minimize the surface area  of the 
LH2 s ta r t  basket. Calculations indicated that the minimum surface area  configura- 
tion should follow the contour of the aft bulkhead. The results of the parametric 
analysis of the s ta r t  basket configuration a r e  presented in Figure 2-1. 

For  the anticipated volume of 200 ft3, the minimum surface area  as illustrated in 
Figure 2-1, is 275 ft2. This area  was within the allowable limits determined b y  the 
thermal analysis of Chapter 3. The surface area  for the s ta r t  basket of Figure 6 ,  
Reference 2, i s  375 ft2 which exceeded cooling capacity allowable limits. Based on 
the thermal requirements, the LH2 s ta r t  basket configuration was therefore revised 
to that shown in Figure 2-2. 

2.2 OUTFLOW ANALYSIS COMPUTER PROGRAMS 

A major portion of the second phase fluid analysis was devoted to consideration of 
capillary device outflow during restart  and during tank draining. Two computer pro- 
grams were written to predict those two outflow phenomena. The INGASP program 
predicts spilling, vapor ingestion, pullthrough and refilling of a capillary propellant 
control device during restart.  The DREGS2 program predicts liquid levels and 
volumes in a draining tank containing a capillary device. Both programs were written 
with screen flow and vapor pullthrough equations obtained from Convair test data 
correlations. Correlation of DREGS2 and INGASP predictions with S-IVC scale model 
tests was successfully accomplished, as discussed in Section 4, 
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The following paragraphs wiEI discuss the development of the outflow computer 
prograwrs and indieate a e i r  applleadion in obtaining para~~edric data for opti-mizing 
S-IVC LN2 and LO2 designs, 

2,2,1 S-IVC RESIDUALS, Residuds were determined for the S-IVC case by analyzing 
the flow in the capillary device region during draining using the DREGS2 computer 
program. A brief discussion of the program presented in the design handbook is 
repeated here for convenience. A complete listing of the DREGS2 coding may be 
found in Appendix B, design handbook. 

The problem is trivial until the liquid level recedes to the top of the capillary device. 
At this point the liquid pressure drop through the side screen is evaluated to see  if the 
surface tension pressure of the top screen is exceeded. If i t  i s ,  vapor flow through 
the top screen is computed by equating pressure drop across the top screen to pres- 
sure drop across the side screen. A criteria which also must be satisfied is QGA + 
QL1 = QLO. These two equations a r e  solved to obtain the flow rates and pressure  
drop. 

CAPILLARY 
DEVICE 

\ /TGP SCREEN 

'TANK OUTLET 'SIDE 
SCREEN 

The other initial possibility is that the 
surface tension pressure of the top 
screen is not exceeded by the flow 
pressure drop. Liquid volume outside 
the capillary device is then reduced 
until either the side o r  top screen 
pressure drop is exceeded, The calcula- 
tion at this point relates the pressure 
drops and flow rates a s  indicated below. 

The program calculates the flow rates 
and pressure drops in the system. 
This is done by iteration. The pres-  

Figure 2 - 3 . DREGS Model sure  drop across the top screen is 

Terminology valculated to determine the direction 
of the flow, i. e . ,  if HG HEI-BE0 
liquid would flow from the capillary 
device to the tank and if HG/ HLI- 
HLO flow would occur into the capil- 

' "* ' DH lary device. Flows a r e  computed using 
the pressure +raps referenced against 
the common ullage pressure,  For  
example if HG BLI-WLO, flow across 
the top portion of the side screen would 
be from liquid to vapor, designated by 
QL2 and would be found by integrating 
the expression 

2 4  



which is obtained by inverting the screen flow pressure drop equation. BL and A l ,  
a r e  screen flow pressure drop coilstants, X is the width of the screen, and DH, ELI, 
HLO, and HG a re  head terms shown in the figure above. 

Proceeding from these two initial states; for each time step the flow rates and rela- 
tive volume changes a re  computed. New liquid levels a r e  computed for the new time 
steps and calculations of flow rates a re  repeated. The general procedure is iteration 
to satisfy both pressure drop and volume conservation considerations. Computations 
a re  considered for all possible variations in liquid level. Pullthrough terminates each 
case when the liquid level inside the capillary device falls below the pullthrough height 
as  computed by using the flow from the f ree  surface inside the s ta r t  basket o r  QLO- 
QLI-QL2, 

A complete listing of the program in Appendix B of the design handbook indicates the 
equations used to evaluate the liquid level cases not discussed in detail here. 

2.2.2 S-IVC SPILLING AND VAPOR INGESTION (INGASP) - The phase I final report 
and the design handbook discuss how liquid can be retained within a screened reservoir  
during the S-IVC restart  sequence. The third quarterly progress report identified the 
method of analysis which was used to develop the initial capillary device configurations 
for minimizing vapor ingestion and spilling in the S-IVC LO2 and LH2 capillary de- 
vices. The basic analytical approach is summarized below for liquid spillage and 
vapor penetration calculations. 

up. Ag For  Liquid Spillage: P L  > P U  

P L  = Pg + P(FZ/~~)  H 

P = P - AP where P = f(A , $ ) g U g g g g 

.'. P - P = p(g/gc) H - AP 
L U g 

when P - P = 0, H = AP /p(g/gc) L U g 

where 8 = 0 and AP = QP 
L g 

go 

- - now 
'g jENGmE + 4, 

and $ a A 
L L P- 

o ENGINE 
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For Vapor Penetration: P < P - PC 
k u 

- now - 
jg + 4 'ENGINE 

where g cc A g dF and Sva Av ,/? 
g. v 

Pu No flow will occur across the capillary device 
'v' Av side screen area  if the pressure loss across the 

top screen exceeds the hydrostatic head of the 
liquid by less than the surface tension pressure. 
This can be expressed as 

AP, > A P  - p(g/gc) H where bP > p H 
g g gc 

Flow across the screens is obtained from evaluation of the general expression 

where p and p are  fluid viscosity and density, Da is  the screen average capillary 
diameter, V is the velocity across the screen and A1 and A2 a re  constants obtained 
from Section 2.2 in the design handbook. 

Equations evaluating screen pressure drops and flow rates based on relative liquid levels 
inside and outside the capillary device during res tar t  were formulated into a computer 
program, The program, INGASP, computes in time steps, for a given outflow rate, 
the flow rates through the top and side screen which satisfy conservation of volume 
and balancing of the pressure drops. Refilling of the capillary device due to collected 
fluid is  also cgnsidesed in the calculations as well as all possible liquid level combina- 
tions in the tank and capillary device, 

Several. simple eases  considered by the program a r e  i l lwt ra ted  in the following equa- 
tiaas, This f i r s t  case is ~.vIncre 110 liquid has been collected outside the start basket 
and vapor is being ingested into the capillary device, 



Vapor will break through the Lop screen initially when a res tar t  occurs. Tl~e mapihde 
of the psessuk-e drop is critical in d e t e r m i ~ n g  the flow across the screen surfaces on 
the side of the capiliap.gi device, hok ing  at  one case, the pressure drop A P  - P -P 

I, 11 L 
at the top s f  the side screen, with no liquid collected outside the "asltet is, 

AH9 == HG - HT 
L 

if < 8, liquid will spill from 
L from the capillary device 

if PL > 0, and > HS (surface ten 
pressure head) vapor will 
be ingested into the cap- 
illary device 

Q 
if BP > 0, and c HS no flow will occur Figure 2-4. Fluid Configuration for 

L at this point. Spilling and Vapor 
Analyses. 

A t  the bottom of the screen APL=HG-HO and the same inspection of APL is made to 
determine the direction of the flow. For illustration, assume APL > O  and > HS at the 
lop of the screen and APL < 0 at the bottom of the screen, The vapor will be ingested 
over the top portion of the screen at a volume flow rate 

HG-HS-HT - 4 -  s dQv 
0 

which yields 

x (HG-HS-HT) 
3/2 

No flow will occur over a region HS wide, Liquid flow will be 

where CSL and CSV are flow constants defined in the appendix in the INGASP listing. 

Using triangle diagrams, such a s  shown above, the pressure drops and flow equations 
for all possible cases were considered and coded into the INGASP program. These 
cases included liquid level in the capillary device below the screened a rea  ancl liquid 
psesent outside the capillary device due to collection, with conseqrrent refilling ealcu-. 
lations, Initially the program made calculations to determine motion of ingested bubbles 
based on drag between liquid and vapor flowii~g in the capillary device, This ealeula- 
tion is not present in the currer~t  listing because the change in velocity clue to drag was 
found is be negligible for all eases rn with "rmt option included, The pmblem case 
is brminated when the liquid level in the start  basket falls beloev the pullthrough height, 



A listing of the complete program showing all the eases handled is given in Appendix A 
of the desigrl handboois, 

The p r o g r m  was f i rs t  applied to optimizing We S-IVC LO2 lank capillary device 
volume, The initial configuration considered was a 96-inch diameter cylinder, 1 8 - 2  
inekes high, h a ~ n g  z 17.5-inch high conical section. This corifiguration was a pre- 
liminary design developed for the weight comparisons of Phase I and did not consider 
the use of screen pressure drop to minimize spillage. An analysis described in the 
third quarterly progress report was thus performed to enable a smaller  LO2 tank 
capillary device to be designed. Calculations indicated that the capillary device cyl- 
indrical section height could be reduced because the tank shape allowed spilled liquid 
to readily reentry the capillary device. The height was thus reduced to 6.1 inches in 
the cylindrical section. After the INGASP program was developed it was convenient 
to optimize the configuration still further by reducing spillage. Initially, the s t a r t  
basket with 6.1 inch cylindrical height was inputted on the INGASP program. The 
configuration proved to have too much spilling due to the low standpipe pressure drop. 
The area  for standpipe flow was reduced to minimize spilling s o  premature pullthrough 
would not occur. Initial runs before the scale model S-IVC L H 2  testing was performed 
indicated that pullthrough st i l l  occurred at  a relatively high s ta r t  basket volume. 
Examination of the pullthrough correlations indicated that the correlation used was 
good for  hc >> r which was not the case. Using a correlation where hc << r reduced 
pullthrough height from .87 to .65 feet. Later a more accurate correlation where 
hc - r was used. 

In order to reduce the pullthrough height below .65 ft,  a screen was placed over the 
outlet of the tank. The placement of the screen was determined graphically by super- 
imposing a template of the interface shape during pullthrough on the locus of minimum 
liquid flow areas allowable, as shown in Figure 2-5. This locus was obtained by 
equating the flow pressure drop to the surface tension pressure for  a 200 x 600 screen. 
The point at which the interface intersects the locus of minimum area  is the optimum 
point to place the screen. Placing the screen lower will not reduce residuals from 
the unscreened case because the flow pressure drop will exceed the surface tension 
pressure as  soon as vapor encroaches on the screen. Placing the screen higher than 
the . 3 7  f t  selected, results in higher residuals due to the relatively flat interface shape. 
For  a highly curved low-g draining case i t  may be optimum to place the screen above 
the minimum height position as was selected here. 

With a pullthrough height of . 3 7  ft, several top screen flow areas  were run to find 
the optimum area. Based on these runs, depicted in Figure 2-6, an area of .50 ft2 
was chosen for the top screen. Pullthrough suppression, using a correlation for in- 
terface shape, where h - r ,  obtained from scale model tests was used in a similar 

c 
manner to obtain screen placement a t  .20 inches above the outlet, This allowed a 

3 volume reduction of 6 ft by reducing spilling, This is accomplished by redueiw 
midsection height from .SO8 to .390 feet, Additional optimizations using Phase IT 
test results and iterations behveen INGASP and Z>REGS are illustrated at the end s f  
this section, 
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Figure 2-7. S-TVC LO2 Capillary Device 

2.2.3 OUTFLOW ANALYSIS OF S-IVC USING DREGS2 AND INGASP. After deter- 
mining initial volume constraints for  the S-IVC LH2 and LO2 s t a r t  baskets , the 
INGASP and DREGS2 programs were used to arr ive a t  a configuration which optimally 
satisfied spilling, vapor ingestion, refilling and residual considerations. 

F o r  the S-IVC LO2 case,  initial runs were made to determine optimum top screen 
a r e a  to provide maximum volume availability for  res tar t  purposes. This INGASP 
evaluation, presented in Figure 2-6 , indicated that the top screen a rea  should be 
0.5 0 ft2. Dregs evaluation of residuals presented in Figure 2-8 illustrates that a 
top screen area  of 0. 50 ft2 also gives minimum total residual volume. If top screen 
a rea  i s  increased, spilling and residuals outside the capillary device will increase 
due to the decrease in top screen pressure drop. The lower pressure drop allows 
liquid to drain o r  spi l l  f rom the capillary device a t  a faster  rate. F o r  the draining 
case, more liquid will thus remain in the tank when pullthrough occurs in the capillary 
device. For  res tar t  the liquid head in the capillary device will exceed the gas pres- 
s u r e  drop and spilling will occur. If the a rea  is  reduced, the screen pressure drop 
increases and during res tar t  vapor ingestion could occur in the capillary device which 
might be entrained into the outlet. Reducing the top screen a rea  increases residuals 
by tending to make pull through occur a t  a higher liquid level. This is because the 
flow from the tank becomes reduced as the level drops well below the capillary device 
level. The increased flow from inside the capillary device causes higher residuals 
to remain in the capillary device, offsetting residual reductions outside the capillary 
device. 

Additional runs were made with DREGS2 to evaluate the effect of pullthrough height 
and side screen a r e a  on LO2 tank residuals and a r e  shown in Figures 2-9 and 2-10, 
The configuration initially selected i s  confirmed by the low residual volume for 
ALO = 9,85 ft2* The inereme ir, residuals when the side screen is increased beyond 
this a r e a  i s  due to the reduced gas pressure drop when liquid falls below the top of 
the side screen, Figure 2-9 may be used to predict residuals for  givers. pullthrough 
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suppression, For the sereen placement suggested in Reference 2-2, residuals will  
he approximately 68, ii ft3, This is based on interface shape generated from the pull- 

through expression when he<< r, Pullthrough suppression to below this level is de- 

cussed in Section below. 

For the S-IVC LH2 tank, the configuration initially selected had the top sc reen  a r e a  
AG = 1.42 and the side screen a rea  AL9 = 41 ft2. This configuration was selected 
mainly from INGASP evaluation. Using DREGS2, this configuration was found not to 
be optimum in terms of residuals. The top screen was found to be .70 for  minimum 
residuals, a s  shown in Figure 2-11 . With this top screen area ,  the side sc reen  a rea ,  

2 as shown in Figure 2-12, for  minimum residuals i s  20. 5 o r  10. 25 f t  . Inputting 

configurations with AG = .70  and ALO = 10. 25 ft2, and ALB = 41 ft2, resul ts  of 
res tar t  and refilling runs from INGASP a r e  shown in Figure 2-13 . This figure 
illustrates that, fo r  the refilling profile which is  based on extrapolated MAC model 
settling, the refilling is more difficult with the new configurations than with the initial 
standpipe and side screen dimensions. The vapor in the capillary device at the time 
liquid outside the capillary device reaches a level above the top screen will be  trapped 
within the capillary device. This time is  estimated to be 10 seconds, a s  shown in 
Figure 2-13 . Based on these settling assumptions, it appears feasible to safely use 
the configuration which yields minimum residuals even though the initial configuration 
performs better from a refilling standpoint. If the mission were a multiple r e s t a r t  
mission, a configuration such as  initially selected might be selected because of the 
higher relative importance of the refilling process. 

The configurations selected based on this analysis a r e  shown in Figures 2-6 and 
2- 15 . Pullthrough suppression screens were placed, using S-IVC scale model inter- 
face shape data, at . 20 inches above the outlet for  the LO2 case and right at the top of 

the outlet fo r  the LH2 case. Residuals will thus be 64.5 ft3 for  the LO2 tank and 44.2 
for the LH2 tank. 

2.2.4 - LO2 TANKER RESIDUALS. For gravity 
fields of 6.5 x l o m 4  to 3.0 x 10" g l s  exper- 
ienced by the LO2 tanker during draining, the - ----- capillary device shown in Figure 5-48will b e  
able to hold liquid within the channels until the 
pressure  drop across  the screen exceeds the 
surface tension retention pressure  drop of the 
screen. At this point, vapor will begin to flow 
across the screen, causing a loss of capillary 
device retention capillary with subsequent liquid Figure 2-15, LO2 ~ a n k e r  
spillage frnm the channels, Drawing. 



Draining will occur as discussed in Section 2,8 of the d e s i g ~  handbook, If no pre- 
cautions a r e  talcen it i s  likely that vapor willbe ingested into the capillary device 
near the outlet and would probably be transferred into the outlet before t l ~ e  spilled 
liquid would cover the outlet, Spilling should thus he forced to occur well before th is  
tiw-e by causing the top screens to dry out during scavenging, well before vapor is ",- 
gested into the capillary device near the outlet, Eventually a configuration will occur 
as  shown in Figure 2-15 with vapor pullthrough just about to occur. 

The residuals in the tank can be estimated if the interface shape at pullthrough is 
known. An attempt was made to use the Convair SURF model to predict pullthrough 
and resultant interface shape during draining. Several runs were made at 6 .5  X 10'4 
g' s with a simulated LO2 tanker configuration. Numerical instabilities resulted due 
to the cell mesh being too coarse near the outlet. Refining the cell mesh prevented 
instabilities however unfortunately, time steps were forced to be s o  small  as to make 
running of the problem to pullthrough financially infeasible. The prediction of pull- 
through in the LO2 tanker was thus estimated from semiempirical correlations sug- 
ges ted in Reference 2-3 Using the method outlined for the S-IVC LO2 tank, the pull- 
through suppression screen was placed .30 feet above the outlet. This is  for a con- 
figuration without a sump. For  a configuration with a sump, i t  should be possible to 
drain the tank completely with the exception of some small  fillets between the channels 
and tank and channels and reservoir. A residual estimate of 33 lbs was made fo r  this 
case in the systems comparison of Phase I. 

2.3 SETTLING ANALYSIS 

Based on the MAC model runs made in Phase I,  additional analysis was conducted to 
determine S-IVC LH2 tank liquid settling and reorientation times. Two techniques 
were employed; the S L ~ S H  program and the summing of the fluid dynamic sequential 
processes. 

Several settling cases were run using SLOSH, a simplified MAC code, with relatively 
coarse mesh (6 x 6 cells) in cylindrical coordinates. The unbaffled tank, containing 
LH2 in a simulated zero-g configuration, is 10.8 feet in radius and 28.8 feet tall. 
Settling acceleration is 0.337 g. 

Because of the low kinematic viscosity of liquid hydrogen and the large distance to 
the aft end of the tank, violent splashing occurred as the two descending fluid columns 
met. As time progressed, the violent splashing resulted in a situation where almost 
all of the cells contained fluid marker particles. Since the MAC method considers 
such cells as full, this point marked the limit of usefulness of this problem. 

The obvious solution is to increase resolution by decreasing the cell s ize to approxi- 
mate the size of the splmhing blobs of fluid, This would, of course, mater id ly  in- 
crease the problem running time. For  the above problem, three seconds output were 
produced in three  minutes of computer time, To decrease the cell size to the size of 
the fluid particles would make the problem unfeasible to run due to the large amount 



of computer time required, It thus appears that the settling results presented in 
Reference 2-1 for  the S-IVC application a r e  as accurate as can be expected with the 
MAC method, 

Tile other method used divided settling phenomena into these separate categories: 

1. liquid descent 

2. splashing up and f ree  fall descent 

3. high amplitude sloshing 

4. turbulence decay 

5. r ise of entrained vapor 

Liquid Descent 

SURF analysis ,Reference 2-1, shows that at about four seconds after the 0 .337  g 
acceleration is applied, enough liquid has left the top of the tank so that sufficient 
liquid has reached the aft bulkhead to initially submerge the s ta r t  basket. 

Splashing 

SURF analysis indicates that local tank bottom velocities probably do not exceed 20 f t /  
sec. The splashing time was estimated by computing the trajectory of a splashing 
stream of propellant. For  the velocities anticipated, the fluid will take approximately 
four seconds to redescend to the tank bottom after splashing. 

Slosh Decay 

Precise slosh decay times a re  difficult to obtain without extensive quantitative analysis. 
Estimates indicate that several seconds would be required to permit continuous sub- 
mergence of the s t a r t  basket. The slosh decay relationships for  viscous damping of 
linear motion, Ref, 2-4, cannot be used because it is obvious that the high amplitude 
waves a r e  highly non-linear. 

Turbulence. Decay to Release Bubbles 

Bubble size and r ise  is  governed by the scale and intensity of the fluid turbulence. 
Assuming that the Kolmogorov scale,  Ref.2-5, is of the order of the bubble s i ze ,  
bubble r ise can be estimated by comparing the inertia (turbulence) forces with the 
buoyancy forces. Using References 2-5 and 2-6 we find that in order to obtain indi- 
cation of good bubble r i se  t < < 17  seconds. 



Bubble Rise 

Bubble speed can be estimated by balanciw drag and buoyancy forces. Using the tur- 
bulent drag law, we find that the bubble r i se  velocity will be approxilnately 0 , 3  ft/sec. 
Thus, for  a three foot liquid depth we ixust allow 10  seconds. 

The settling times can individually be listed as: 

1. Liquiddescent tocovers tar tbasket  4 sec .  

2. Splashing 4 sec. 

3. Slosh Decay 2-10 sec. 

4. Turbulence Decay 17 sec. 

5. Bubble Rise 10 sec. 

This summary is not entirely satisfactory because, even if the times a re  assumed 
additive (the processes mutually exclusive), production of slosh energy and turbulence 
will continue until all liquid descent and splashing has ceased. 

A practical solution is to assume: 

1. Complete liquid descent takes 10 seconds. 

2. Splashing and high amplitude sloshing will occur, but the s ta r t  basket will 
not be uncovered. 

3. Turbulence decay cannot s t a r t  until 10 seconds after thrust application. 

Conclusions 

Ten seconds is required to s t a r t  turbulence decay. A t  that time the basket will be 
continuously covered and refilling will proceed continuously. Turbulence decay will 
take perhaps 20-30 seconds (maybe more). Bubble r i se  will occur in about 10 seconds. 

2.4 WICKING ANALYSIS 

Wicldng along screens and between perforated plates may be used to prevent drying out of 
screens and vapor formation in a capillary device caused by heating. A discussion in 
Reference 2-3 suinmarizes the equations to be used to predict wiclcing. Wiclking data 
was compared to analytical models which a re  described in this section. On this basis 
a semiempirical correlation was chosen for predicting screen wiclting. 

Four models were examined to predict screela wickng: a capillary flow model in- 
cluding momentum and end drag terms,  a simplified capillary flow model, a semi- 



empirical model based on screen flow data developed under a Gonvair ZRAD program, 
and a semi-empirical model developed by Armour and Cannon, Reference 2-7, 

The capillzry flow model for a vertical capillary is given by 

rate of change of surf ace tens ion vis cow res  is t&ce 
momentum 

gravity end drag 

where 

R i s  the average capillary radius 

P the liquid density 

Pa 
the vapor density 

h the final wicking height = (20 cos $ ) / ( p g ~ )  
m 

h the height at time (t) 

I the height of the screen 

a the surface tension 

$ the contact angle 

p is the liquid viscosity 

'a 
is the vapor viscosity 

This equation is generally simplified by assuming the rate of r i se  i s  slow enough to 
permit the rate of change of momentum and end drag terms to be neglected. This 
results in an expression, 

and for  a horizontd screen MBI $ = 0,  and p >> pa, 



Equation 2-2 has been correlated with tes t  resu l t s  a t  normal  g r a ~ t y  using heptane, 
butyl alcohol and other  s imi l a r  organic fluids, Results show good agreement and 
indicate that the simplifying msumptions a r e  reasonable. ' f i e r e  wicktng velocities 
a r e  high such a s  in low gravity applications of interest ,  the ra te  of change of momen- 
tum and end drag  t e rms  will be la rger  relative to the other t e rms  of equation 2-1. 

Thus, an attempt was made to solve equation2-lin o rde r  to correct ly  model low 
gravity wicking. Equation 2-1 was manipulated to the form: 

which simplifies to 

2 
d h -  5 -- _ - 8pdh ghm - g -I-- 2 u c o s  $ 
d t2 4h (2 )  -~-t h 

where h, = 
P gR 

and P>> P,, p >>pa 

This equation has been numerically evaluated using a Runge-Kutta method computer 
program solution. 

Another model which was examined to evaluate s c r e e n  wicking was the s c r e e n  flow 
pressure  drop model of Armour and Cannon given by the equation 

A P g  € & D  
C - 8.61 - -  

Q B pp2 
+ 0.52 

Re 

where D = DBp, E = 9, the porosity, Q i s  the tortuousity and B i s  the sc reen  thick- 
ness. Setting AP to the surface tension driving pressure  - 4q  , and B equal to h 

DBP 
the distance wicked along the sc reen  we can solve the velocity in a wicking screen  

2 
2 

dh 8.25.a D +/(8.2; a2D,' + 1.92 E D (hW - h)  g s i n g  - - - - C 

d t  P h 

fo r  the non-horizontal case where 

a = surface to volume ratio 

0 = angle between the screen and the horizontal plane 



Both the horizontal and non-horizontal ease were solved wing the  Rage-Kutta 
numerical technique, 

The other approach to predicting screen wicking was to use screen flow data, repre- 
sented by an equation of the form 

40 
A p V L  A L P V ~  

4 p = -  - - for the horizontal wicking. 2 -4 1 + 2 

D~~ D82 gc 'a gc 

Solutions were obtained for wicking tests discussed in Section 4 .0  . Wicking pre- 
dictions made using the equations discussed were used to simulate test conditions for 
the screens tested. Typical results are shown in Figure 4-1 along with the recom- 
mended correlation equation obtained from the test data. Since the equations presented 
did not successfully predict wicking, the numerical solution computer programs will 
not be presented here,  but may be found in the third quarterly progress report, 
Appendices A and B. 

2.5 ULLAGE COLLAPSE 

Pressurization with hot gas during engine firing may lead to  severe ullage pressure decay 
after engine shutdown due to liquid mixing with the ullage. If decay proceeds to  below 
liquid vapor pressure, boiling may occur within the start  basket, 

An analysis was performed for the S-IVC I.B2 tank, based on AS-203 and Centaur data 
to determine acceptable GH2 pressurant inlet temperature to  assure that bulk boiling 
would not occur. The PRISM program was used to determine ullage pressure collapse 
from a tank pressure of 40 psia following an engine firing. A liquid vapor pressure of 
25.0 psia, and 70% propellants were assumed. Ullage temperature (which was assumed 
equal to the unwetted tank skin temperature) was the variable in this analysis. Two cases 
of fluid mixing to equilibrium were considered: (1) liquid quenching of the tank walls, 
whose energy release would result in liquid evaporation, followed by liquid/vapor mixing 
to equilibrium, and (2) fluid mixing with no tank wall quenching. Figure 2-16 shows 
the influence of initial ullage temperature upon final ullage pressure. The quenching 

and mixing curve indicates that boiling will not occur at any initial ullage tempera- 
ture. A minimum final pressure of 25.0 psia will occur for a 10O0R ullage, which 
indicates that the boiling threshold will be attained for that ullage condition, The 
miPr;ng-only curve in&cates that ERz boiling will occur for initial u l l ~ e  tempera- 
tures greater than 8OoR, A 0,55 psi vapor pressure reduction MII occur for a 
200'33 ullage, This pressure decay d l l  cause sdficient boiling in the sta& 
bmket to generate 9% vapor by volume, TMs quantity of vapor generation does not 



ULLAGE TEMPERATURE (OR) 

Figure 2-16. Ullage Pressure  After Engine Firing 



appear to be excessive, Furthermore, i t  is anrealistie to assume that complete 
liquid and vapor mixing will occur while tanlc skin q~renching does not exist, I t  would 
be more accurate to wsume the converse is  true, 

It  i s  expected that the real  tanli condition could lie above the quenching plus mixing 
curve, A conservative estimate, however, would place the fluid conditions between 
the two curves of Figure 2-16 . Thus, one would conclude that the minimum tank 
pressure would occur for  an initial ullage temperature between 100°R and 120°R. 
Assuming a final tank pressure midway between the curves results in a minumum of 
24.86 psia, o r  a vapor pressure collapse of 0. 14 psia. Bulk boiling would result  in 
about 2% vapor by volume generated within the s t a r t  basket, which should prove to be 
no hazard for  engine s t a r t  purposes. Cooling of the basket by vent fluid can further  
minimize this effect. 

2.6 SCREENED CAPILLARY LIQUID COLLECTOR TUBES 

The LH2 tank heat exchanger vent system will require a continuous liquid supply f o r  
operation during an extended coast duration. It has been decided to employ screened 
capillary tubes as liquid collectors to achieve this end. The choice of a smal l  tube 
diameter in the order  of 1-2 inches will guarantee liquid containment under aero-  
dynamic drag conditions and attitude control motor operations. The use of a 200 x 
600 dutch twill screen material for  tube fabrication will assure a liquid film through- 
out and permit flow losses of approximately 7 psf without vapor breakthrough. An 
evaluation has been conducted to consider the effects of collector tube placement and 
system losses on the design of such a liquid collection device. 

The placement of collector tubes within the fuel tank i s  not critical. Because of the 
approximate 60% full tank condition to exist in orbit,  any number of collector tube 
configurations should suffice. The selected configuration shown in Figure 5-11 
will assure that a sufficient percentage of the tube surface a r e a  will be covered with 
liquid to prevent liquid pressure drop across the screen from exceeding the surface 
tension pressure retention capability of the screen. 

An analysis was made to compute collector tube line pressure losses as well as  
screen flow losses during operation. An LH2 vent rate of 10. 8 lb/hr was assumed 
which i s  required to remove 2100 ~ t u / h r  of energy from the tank. Friction factors 
were determined for  1/2 inch diameter tube on the basis of rough internal surface. 
The pressure loss per  unit length i s  plotted in Figure 2-17 . Pressure  losses due 
to flow through the wetted a r e a  of 200 x 600 dutch twill screened collector tubes were 
computed fo r  1.0, 2. 0 and 10. 0 ft of wetted length. These flow losses were based on 
empirical data given in Figure 50 of the Second Quarterly Progress  Report, and i s  
presented in Figure 2-17, 

It  is  clear  that the total collector tube pressure loss will be in the order  of 0,  I psf, 
A wetted 200 X. 600 dutch twill material can withstand approxin~ately 7 psf differential 
pressure ,  as  shown on Figure 2-18 for  a L9p bubble point, before the surface ten- 
sion pressure is  exceeded. It is  evident, therefore, that system pressure losses will 
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Figlre 2-17, ,%rc?ened Capillary Collector Tube Pressure 
Losses Versus Tube Diameter 





be sdficiently srndl that Tiquid collector tube design will not be compromised by 
reqdrements  lo minimize flow kssses, 

Collector tube sizing calculations were also made for supplying pure liquid inlet to 
the vent device for  the LOX tanker configuration, The chailnels are  LildivibuaEy 
thernial controlled by collection LO2 from each 14 " X 1. 4 " channel, throttling the 
fluid through separate "viscojets " for each channel and then flowing the vent fluid 
through individual heat exchanger tubing attached to the channels. 

An analysis was conducted to evaluate system flow losses both upstream and down- 
s t ream of the throttling device. I t  was determined that the combined flow losses,  
excluding the throttling device, would be considered negligible. These flow losses 
were based on a channel cross-section of 1.4 X 14.0 inches, 1/8 inch I. D. tubing, 
and a 2. 0 lb/hr vent flow rate split into eight separate paths. 

2.7 PROPE LLANT CONTROL SCREE NS 

Positioning propellants near the aft bulkhead of a propellant tank will reduce the t ime 
required to refill a capillary device located at the tank outlet. An analysis was 
performed t o  see  if the additional weight of a system using propellant screens to  
reduce settling time would be offset by the reduction in capillary device weight. 

The propellant control screen placement chosen for  the S-IVC LH2 tank is  shown in 
Figure 2-19 . Initial calculations were made to determine how much boiling would 
occur in the aft end of the tank. The boiloff, based on the heating rates given in 
Reference 2-1, Table 2-1, was expressed a s  (1546+8,8h) ft3 where h is the distance 

between the screen and the highest point on the intermediate bulkhead. The volume of 
the liquid contained within the screen i s  given by h = 3.22 + (vS/361.2), where Vs is 

the volume available for settling. For  a volume of 400 ft3 available for settling, 
h = 4. 32 ft. For  this volume and height settling time will be reduced approximately 
in half, thus allowing reduction in capillary device volume. 

In order  for  the propellant control screen to contain propellant during the low gravity 
coast period prior to res tar t ,  the screen must remain completely wetted. This re- 
quires the screen surface to be cooled by the thermodynamic vent system cooling 
coils. The reduced s t a r t  basket volume allows some of the cooling coils for  the 
s t a r t  basket to be used to cool the propellant control screen. Screen hole s izes a r e  
governed by the Bond number cri ter ia  a t  g '  s. These large holes should not 
interfere significantly with the settling of the main propellant mass. 

Based on weight calculations of Reference 2-1, the propellant control screen would 
weigh 291 lbs including supports and cooling coils. Total s t a r t  basket weight reduc- 
tion is  101 lbs, Since the original s t a r t  basket weighed 313 lbs,  it  is obvious that 
the propellant control screen concept is  not attractive even if the settling Lime could 
be  reduced to a very smal l  value. 



PROPELLANT CONTROL 
SCREEN 

Figure 2-19 . S-IVC LH2 Tank Propellant Control Screen Placement 

Propellant control screens would prove more attractive if the heating rates to the aft 
bulkhead were lower. This would allow propellant to be positioned closer to the aft 
bulkhead and settling time could be reduced more substantially. Also, if a smal ler  
amount of propellant was present in the tank, settling time without control screens 
would be longer. This would necessitate a large s ta r t  basket which would not be 
needed if the propellant control screens were used. Propellant control screens 
could be useful if these mission conditions a re  present. 

2 .8 WICKING TO REDUCE STRATIFICATION 

It is possible to use wicking materials a s  in a heat pipe to provide uniform tempera- 
ture within a closed vessel. Calculations were made to determine the usefulness of 
wicks in reducing temperature stratification. Wicks were sized for the S-IVC LH2 
tank to handle the maximum heating rate which occurs at  the intermediate bulkhead, 
For  a screen liner to cover the inside of the tank, the total weight including supports 
will be approximately 315 3bs. This wick saves an e q ~ v a l e n t  hardware weight of 
90 lbs due to mixer weight and added boiloff* The wicks wil l  thus not be useful for 
the S-TVC mission, 
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Figure 2-20, Velocity Requirements for Penetration of Vapor 
o r  Liquid Through a Liquid Hydrogen Wetted 
Screen or Plate 



i f  the lateral aeeelera,tions a re  lield to a r ~ i n i m u v i ~  it will be possible to irse a single 
wick along one side of the tank to reduce stratification, This configuration would, 
roughly, weigh 90 lbs, This makes the mixer system slightly better than the wick 
because some mixer power i s  used to provide high beat transfer caeff ic ie~~t  to the hot 
side of the thermodynamic vent system, thus reducing the weight s f  this system. 

F o r  a nzission such as the LOX tanker propellant transfer mission the capillary 
device covers a substantial portion of the tank surface area. This screen material  
can be utilized to reduce o r  eliminate temperature stratification in the propellant, 
However, based on Reference 2-43, heat pipe information and wicking rates for  the 
screens to be used on the LO2 tanker, insufficient volume flow will be pumped to 
effectively reduce stratification unless a wick i s  fabricated specifically for  this 
purpose. Another problem with attempting to use the heat pipe principle is  the 
degradation in performance due to a noncondensible pressurant gas. 

2.9 VAPOR IMPINGEMENT 

During the reorientation of fluid from its low gravity position t o  a settled orientation, 
the fluid experiences extreme turbulence for the S-IVC case. This turbulence could 
cause vapor to be entrained in the liquid which is flowing into the capillary device. 
Vapor alone will not have sufficient momentum to overcome the surface tension 
pressure  and enter the capillary device. 

The vapor which has entered the capillary device since it  has been slowed by passing 
through the screen,  can be intercepted by placing a screen over the outlet to deflect 
any vapor which would otherwise enter the outlet. 

Figure 2-20 shows that for  a 15 micron bubble point screen,  the impingement 
velocity must exceed 20 feet/sec for  vapor to break through the screen. Results of 
MAC model runs for  the S-IVC LH2 tank indicate that the fluid velocities will reach 
a maximum of 55 ft/sec in the vicinity of the aft bulkhead. Thus, vapor impinging 
on the screen will be carr ied through and into the s t a r t  basket. 

Velocity reduction across the outer screen was found by using equations from Hoerner, 
, page 3-24. The outer screen lowered the velocity to below 

4 ft/sec. Bubbles can thus be eliminated from entering the outlet by using a screen 
deflector. The deflector, a 200 x 1400 screen shown in Figure 2-21 , operates by 
utilizing the surface tension pressure retention of the screen to res is t  the passage 
of vapor impinging upon it. A deflector configuration for the LO2 tank would appear 

a s  a spheroid mounted over the outlet within the capillary device. 



The tangential component of the velocity of "che bubble, coupled with the hydrophilic 
teiidencies of the se reen  in LH2 and LO2 will c a m e  the vapor to be rejected into the 
top of the capillary device away from the outlet, 

Vapor entering the basket due to impingement should not force liquid to spi l l  f rom the 
s t a r t  basket. The effect of vapor entering the side screen will be to reduce the vapor 
flow through the standpipe. 

TA NK 
WALL 

CAPILLARY 
DEVICE 

200 x 1400 
SCREEN 

BUBBLE 
POINT = 13.4 - ' \ DEFLECTOR 

SCREEN 

DEFLECTOR SCREEN IS ATTACHED ACROSS 
ENTIRE CAPILLARY DEVICE 

Figure 2-21. Schematic of Deflector Screen to 
Prevent Vapor Ingestion. 



SURFACE TENSION START BASKET AND 
COLLECTION SYSTEMS THERMAL ANALYSIS 

Of major importance in the design of capillary control devices for cryogenic fluids 
is the prevention of liquid evaporation due to heating and/or tank pressure changes. 
A concern with propellant heating i s  not only that internal evaporation will force 
liquid out the device, but that the capillary liquid retentive capability may be impaired. 

This section describes the thermal analysis performed on the S-EC star t  baskets and 
LO2 tanker collection systems. Basic mission data applicable to this analysis a re  
presented in Table 3-1. 

The basic purpose of the thermal control systems i s  to prevent vapor formation 
within the containment systems and associated feed lines. The design approach taken 
was to eliminate all  vapor formation, even though in actual operation a small amount 
may be permitted. 

In the case of a perfectly mixed tank fluid (no superheated gas) a t  constant pressure 
with no direct contact of the basket fluid with warm tank walls, no vaporization would 
occur in the basket . However, under actual conditions basket supports a r e  required, 
tank mixing is not complete, and the tank pressure does change. The effect of these 
real conditions a re  taken into account in the analyses presented in the following 
paragraphs. 

3 . 1  S-IVC THERMAL ANALYSIS 

The basic system proposed utilizes heat exchangers to cool the start  baskets, engine 
feed line and to maintain constant pressure in the LH2 and LOX tanks. Heat transfer 
to the cooling channels must be predicted in order  to properly size the system. How- 
ever, even with the best heat transfer predictions, fluid conditions may vary suffi- 
ciently so additional beat exchanger length must be provided for insurance. 

One possible configuration i s  illustrated in Figure 3-1. The cold side fluid is liquid, 
collected by screened tubes designed to provide the necessary cooling flow. The 
detail design of this eo%leelion system is described in Section 5;$ . Liquid inlet to 
the cooling system is required lo assure sufficient cooling capacity. Heat exchnge r  
coils a re  wrapped around the s ta r t  basket to assure  that no vapor is formed within it, 



Table 3-1, Basic Mission Data Used in T h e r m d  Analysis 

S-IVC Mission 

lo-' g l s  Acceleration 

LH2 Tank 

Total Heating = 2140 ~ t u / h r  
Forward Dome and Joints = 200 

Cylinder Wall = 170 
Aft Dome and Joint Area = 470 

Common Bulkhead = 1300 

PT = 25 psia; 30 Day Mission , 
60% LH2 During Coast 
Thermodynamic Separator Assumed with 1-2 psi Band 

LO2 Tank 

Total Heat Input = 2500 Btu/hr 
Net Heating = 1200 Btu/hr 
PT = 25 psia 

LO2 Tanker 

163 Day Mission 
95% Initial LO2 
10 '~  Orbital Drag 
LMSC Tank (218" Dia Sphere) 
Total Orbital Heating = 8050 lbB. 0. in 163 Days (188 ~ t u / h r )  
PT = 15 psia 

The engine feed line i s  then coiled with tubing to keep vapor from forming there. For  
the system shown in Figure 3-1, tubing i s  then wrapped around the tank to provide 
maximum cooling efficiency of the vented hydrogen. The LO2 tank i s  then coiled with 
the GH2 heat exchanger tubing around the s tar t  basket and feed line area  to eliminate 
formation of oxygen vapor. Local overcooling of the tank wall i s  a possibility however. 
Thoroughly mixing the S-IVC LOX tank contents s$ould prevent solid oxygen from 
forming, This condition i s  analyzed further in Section 3 .1-6 ,  

Initially the possibility of eliminating vaporizatiotz within the start  baskets was hvesti- 
gated with the idea of reducing AT for normal spacecraft surfaces, The conclusion, 
based on this finding, was that in order  to assure no vapor formation, the s tar t  baskets 
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must be protected with veilt system cooling 
coils and the baslcet surface a r e a s  main- 
tained at or below the dad< saturat~i"on 
temperature. 

Heat exchanger sizing for  s tar t  basket 
cooling and tank pressure venting i s  based 
on the f i r s t  law relationship of Reference 
3-2, a s  presented below. 

- - Q+, 
ha + eX/(l-e) - hL I (3-1) 

PTZConst. 

where 

i s  the vent flow rate v 

Figure 3-1. Schematic of S-IVC Wall hZ i s  the exit enthalpy 
Heat Exchanger Vent System 

hL is the tank liquid enthalpy 

e i s  the vapor densityhiquid density ratio 

A i s  the heat of vaporization 

6 is  the heat input rate  

P is any power input 

Using Equation 3-1, values of vent flow rate a s  a function of total energy input a r e  
presented in Figure 3-2. 

The basic sizing problem is to assure  that for a given flow rate, the desired exit 
enthalpy of Equation 3-1 is attained. This equation must be satisfied in addition to 

= Qe/(ho-hZ) where & is the engine feed line heating and ho is the exit enthalpy 
of the vent fluid after cooling the feed line. 

For  the cold side of the cooling tube, heat t ransfer  to the flowing fluid i s  computed by 
considering the process to consist of three phases (x indicates quality - % vapor) : 

1, nucleate boiling, 0 5 x S 00, 90, 

2, fully developed kurbulent flow at constant temperature (saturation) 0 ,90 x 2 1- 8, 



3 ,  fully developd turbdend gas 
flow with fnereashg tempera- 
ture T > TSAT 

Heat t rms fe r  coefficients on the 
outside of the tube can take on a 
wide range of values depending 
on the external fluid conditions. 
Because the inside coefficients 
are  so high the tube design is 
controlled by the exterior 
coefficients. Some of the possible 
fluid conditions and resulting 
external heat transfer coefficient 
ranges for the S-IVC application 
are 

1. liquid free convection, 
0 . 1  Ch  c 1 . 0  Btu/hr ft2 OF 

Figure 3-2. H2 Vent Flow Versus Energy Input 2. gas free convection, 
(PT = Const @ 25 psia) .02  C h C .2 ~ t u / h r  ft2 OF 

3. liquid forced convection, 1 .0  < h C10 Btu/hr ft2 OF 

4. gas forced convection, . 1  < h < 1 ~ t u / h r  ft2 OF 

5. film condensation with free vapor convection, 4 < h e 10 ~ t u h r  ft2 ?I? 

Specific heat transfer coefficients are  presented in section 3.1,2. 

From the above data it is seen that for different fluid conditions existing at the start 
basket the total heat transfer can be significantly different and thus the outlet enthalpy 
o r  fluid condition can vary, This is illustrated in Figure 3-3 where typical coolant 
fluid state conditions are  shown for different start  basket external fluid conditions. 
The numbers shown on Figure 3-3 correspond to those of Figure 3-1 and illustrate 
typical state conditions throughout the vent path. 

The system must be designed to assure that cooling temperatures below saturation exist 
thmughout the length of the cooling coils without requiring cooling flow in excess of the 
normal hydrogen tank boiloff rate, The maximum total vent flow i s  determined from 
Figure 3-2 where 6 + k i s  the total hydrogen tank enerm input. The basket and feed 
% h e  ewehanger sizing is thus based on providhg sssentidly a saturated GH2 vent fluid 
at the feed duct c001kg oul;let (state 4, Figure 3-1) under the rnaxilnum hea-t t rmsfer  
conditions which c m  exist at the basket and feed I h e ,  Based on this sizing restriction, 



a) Condensing Vapor Surrounding b) Low Velocity Liquid Surround- 
the Start Basket. ing the Start Basket. 

Figure 3-3. Typical Thermodynamic Performance of Start Basket 
Cooling System 

tube lengths at the tank wall required to provide the desired exit enthalpy for the low 
range of start  basket heat transfer coefficients are very long. 

In order to provide forced convection heat transfer coefficients, rather than free 
convection at low-g, mixing can be utilized. Small flow velocities can produce a 
considerable increase in the minimum external heat transfer coefficients. In a 
complicated tank configuration the strength and direction of circulation currents a r e  
very difficult to predict. 

Three objectives must be met by a circulation system: the induced heat transfer 
coefficients must be high enough, they must be reasonably uniform over the start 
basket surface, and the fluid motion must be effective in reducing temperature stratifi- 
cation. Location, quantity and size of fans or pumps to accomplish the above objectives 
must be determined. Obtaining this type of information is discussed in Section 3 .1 .1  

In order to take full advantage of the high heat transfer coefficients which can be 
provided by a mixer the coils leaving the feed line can be routed directly to a bulk 
exchanger integrated directly with a mixer. Two such systems are shown in Figure 
3-4 and Figure 5-2. 

The system shown in Figure 3-4 has the bulk heat exchanger in series with the start  
basket and line cooling coils. With this type of system, in order to provide a continuous 
vent flow, a continuous flow tank pressure regulator would be required at the vent 
outlet s f  the bulk exchanger as  well as a throttlhg regulator at the inlet to the s tar t  
basket cooling coils, 

The system shown in Figure 5-22 utilizes a bulk exchanger operating illdepended of the 
start  basket cooling system to proviide f i n d  tank pressure control through on-off flow 
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regulation, This system allows 
the basket cooling inlet throttling 
device and flow to be fixed, This 
also provides a constant vsnt f l9w 
for eooling of the oxygen tank, 
Furthermore, this system has 
certain redundant qualities in 
controlling tank pressure since 
with only the cooling system 
operating tank pressure rise would 
be very slow and with the cooling 
system non-operating the separate 
bulk system could completely 
control the tank pressure. 

The present analysis is  primarily 
concerned with start  basket system 
thermal control and the actual 
hardware used must be determined 
on an individual basis once a 
hardware development program is 
initiated. Detail thermal analyses 
a re  presented in the following 

F i g r e  3-4. Schematic of Series Start paragraphs and will be applicable 
~ a s k e t / ~ u l k  System to both configurations. 

3.1.1 MIXING ANALYSIS. Mixing was examined for the S-IVC in the context of 
minimizing stratification while controlling heat transfer coefficients within reasonable 
limits. 

Mixing analyses are based on work performed by the Fort Worth division of General 
Dynamics under Contract NAS8-20330 (Reference 3-3). Minimum mixing veloc ities are  
based on requirements for penetrating the warm layer of liquid at the vapor/liquid 
interface and mixing the bulk fluid in a reasonable time. 

The applicable equations, taken from Reference 3-3 are  presented below. 

1 
BAT z 3 a p  

max 
f /2 

(Vo = 7 
C1 - (~,dvh,)~3 (P + 1) (P * 3) 



where 

vo = velocity at mixer exit 

Do = diameter of mixer exit 

= velocity-diameter product required to penetrate warm liquid 
layer at vaporhiquid interface 

6 = coefficient of volumetric expansion for the liquid 

ATmax = maximum temperature difference between bulk liquid and 
liquid/vapor interface usually assumed to be 1°F 

= distance from mixer to liquid/vapor interface 

= local acceleration 

= exponential constant usually taken as 1 .0  

= maximum centerline velocity with a temperature gradient 

= maximum centerline velocity without a temperature gradient 

is  taken to be 0.9 

= volume flow rate at the distance Z from the mixer. Includes 
entrained flow. 

- volume flow at mixer exit 

= totd flow area at the distance Z from the mixer 

= mixer exit velocity at &s$%urce 53 froni the mixer 

= radius of flow at distance Z from the mixer 
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= proportionality factor determining the spreadivlg rate of flow 
from the mixer* talcen to be 0 - 2 5  for the present case 

em = bulk mking time 

= dimensionless mixing time constant approximating 6 , O  for 
present conditions 

Dt = tank diameter 

In order to determine required velocities at the liquid/vapor interface to destroy 
stratification Equations 3-2 through 3-6 were solved for (Vi ) Z9  the required mixing 
interface velocity. The resulting equation is  presented below. 

BAT P 
max 

2 
[ I -  (vmax/v&) 3 (P + 1) (P + 3) 

Based on the general definitions of the above terms, required interface velocities are  
plotted in Figure 3-5 as  a function of the distance of the interface from the mixer for 
various acceleration levels. For the particular case where Zi i s  a maximum, for the 
S-IVC hydrogen tank, of 33 feet the data are plotted in Figure 3-6 as  a function of 
acceleration. 

These velocities are  taken as  a minimum for determination of heat transfer coefficients 
at the start basket. The velocities so determined apply to both gas and liquid surround- 
ing the start  basket since the mixer is  essentially a constant volume flow device. 

In order to specify pump sizing requirements the pump outlet flow and diameter 
necessary to provide a specific velocity at a certain distance from the mixer is  
desired. Rearrangement of Equations 3-3 through 3-6 result in the following relatioa. 

( v ~ / D ~ ~  cfm/in. ) 
Vz, fps = .465 

(Z9 ft) 

Solutions to this equation are  plotted in Figure 3-7 for easy reference. 

A further criteria which is  important in establishing mixing requirements is  the time 
to mix. A reasonably short mixing time allows intermittent operation of the mixers 
thus minimizing total power requirements, Also at initiation of the coast phase it 
would not be desirable to wait too long for mixing to occur during which time a 
significant amount of stratgication could build up and allow vaporization in the start  
basket, Using Eqcations 3-3 through 3-1: mixing time as a funetien of interface 
velocity and puinp outlet conditions i s  plotted in Figures 3-43 and 3-9 respectively, 
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Figure 3-7. Mixing Velocity as  a Function of Bump Performance 

In order to fully evaluate the effect of mixing and non-mixing on system performance 
heat transfer coefficients over the full range of possible tank conditions are  required, 
These data a re  presented in the following paragraph. 

3.1 .2  HEAT TRANSFER COEFFICIENT. Applicable heat transfer coefficients to be 
used throughout the detailed thermal analysis a r e  presented in this section. Conditions 
of forced flow and natural convection for both liquid and gas a re  analyzed. C o n d e n s a t i ~ ~  
heat transfer was also considered for the gas case. The following equations from 
Reference 3-4 were used. 

Forced Convection, Laminar Flow Rex B 5 x lo5  

1/3 1/2 K !'if if= $664 (Pr) (Rex) (X) 

Natural Convection, Laminar Flow Gr, c 109 
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Figure 3-8. Total Mixing Time Versus Interface Veloci 
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Condensation, Laminar Flow 

where: 

- 
hf = average film heat transfer coefficient 

X - length from start  of temperature boundary layer at a flat plate 

AT = temperature difference between bulk fluid and heated o r  heating surface 

Ts = saturation temperature 

Tw = wall temperature 

Data were ge~era ted  over the expected range of AT, acceleration and flow velocity for 
both hydrogen and oxygen. Results a r e  presented in Figures 3-10 through 3-17. Fluid 
properties used in developing the data a re  presented in Table 3-2. 

It is  seen from the above heat transfer data that for temperature differences expected 
and in the absence of forced flow, condensation heat transfer will be the limiting factor 
in maintaining a subcooled liquid in the start  basket. Comparing with forced flow heat 
transfer for the case where Ts-Tw = 1°F and a = 32 x 10-6 ft/sec2, from Figure 3-11, - 
hf = 7.19 ~ tu /h r - f t~ - "F  and from Figure 3-12 it i s  seen that the velocity at the LH2 
start basket can be as  high as  0.205 fps without increasing the heat transfer over that 
of the condensation case, Also from Figure 3-8 this velocity is seen to provide a 
mMng time of only 0,46 hours, In the final designj in order to minimize mixer 
power, the = t u g  velocity wodd Eilcely be somewhat less. From Figure 3-5 at 10'""~ 
gk, the velocity requf red to mix the Iiqufd/vapor hterface hs cnPy 0,0023 fps at 
Z i  = 33 ft, 



Figure 3110, GH2 Natural Convection Heat Transfer 

F lpre  3-11, R2 Lmimr Flow Condsmate%;ism Heat T'krmsfer 
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Figure 3-12. LH2 Forced Convection Heat Transfer Coefficient 
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F i a r e  3-13, GN2 Forced Csnvmtion Heat Tramfer CoefficieYb; 



Figure 3-14. LO2 Natural Convection Heat Transfer 

I"i@;ure 3-1 5, GO2 Mal ru rd  Convection Heat Trmsfer 
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Table 3 -2 .  Properties Data Used in Heat Transfer Calculations 

X = 188 ~ t u / l b  for condensation heat transfer calculation 

cp = .4054 Bt~/lb-"F 

Pr =2.11 

h = 91.4 Btu/lb; NSH = 3.2 x 1 0 l l / ~ ~  Q (a, = l o m 6  gls) 

G r  = 1.605 x lo6  AT @ (a = gTs) 

GO2 : p = .285 1b/ft3; /3 = 1/162.75 

K = .005 Btu/hr-ft-OF; cp = .219 Btu/lb- '~ 

p = .45 x Ib/ft-sec 

Grx = 5.085 X l o 4  AT @ a = g t s ;  Pr = .71  



Thus, in designing the start basket cooling system, condensing heat transfer is taken to 
be the maximum heat transfer ease. 

A s  mentioned previously, two major design requirements are imposed on the system; 
(1) the maximum temperature at any point on the start basket (T,) must be no greater 
than the tank fluid saturation temperature and (2) the total heat transferred to the basket 
and thus the cooling system (Qb) must be less than the total external heating. Along 
with this there must be sufficient heat capacity in the vent exiting from the basket to 
cool the hydrogen feed line. Data for determining values of Tmand Qb a s  a function of 
cooling configuration are  developed in the following section. 

3 . 1 . 3  BASKET SURFACE HEAT TRANSFER. The configuration analyzed i s  shown 
below, along with applicable equations from Reference 3-5. 

ENVIRONMENT TEMP. , r CooLmG TUBE 

COLLECT 
SURFACE 

C 

X 

Tx - T~ - cosh [ N (a/2) (1 - -) 1 
- a/2 

Tc - T~ 
a 

cosh N - 
2 

a 
6 K t N tanh N-- 

- - w e 2 



K t = effective conductivity - conduction thickness of the structure t o  which 
w e 

the cooling coils are attached. Estimated to be nominally .03415 
~tu/hr-OF for the LH2 start basket case. 

*b = total surface area of basket 

Tc coolant temperature 

a/2 = half the distance between the coils 

Data obtained from the solutions to Equations 3-15 and 3-16 are  presented in Figure 3-18 
and 3-19 respectively. 

3.1.4 TWO-PHASE PRESSURE DROP ANALYSIS. Two phase flow pressure drop 
calculations are  made using the methods and data presented in Reference 3-2. In all 
cases the tank pressure upstream of the throttling device was assumed to be 25 psia. 
From Reference 3-2 the two phase flow pressure drop (aPTpF) i s  taken a s  

where 

A??, = single component frictional pressure drop assuming only the vapor 
fraction is flowing. 

mvtt = function obtained experimentally 

Substituting for APv where 

and since I&, = pv A Ve and I&v = Xavg 61 
T 



Figure 3-18. Start Basket Heat Transfer to Cooling Tubes 

Fiwre 3-19, M d m u  %a& Basket Temp8ratures m e n  Using Cooling Tubes 



Putting Equation 3-20 in a convedent parameteric form results in 

APTpF> PSI - - 4 .2  x lon9 2 2 
2 (X ) (Gvtt) (3-21) 3 avg 

[ L,  in./(^, [hT, lb/hrl (pV, lb/ft ) 

where f is based on vapor only flowing in a relatively smooth pipe. 

Data obtained from the above equation for hydrogen a re  plotted in Figure 3-20 a s  a 
function of vent pressure for  several exit qualities. The average quality is an arithmetic 
average of inlet and outlet quality. The inlet quality is based on throttling from 25 psia 
to the vent pressure at constant enthalpy with a 100% liquid inlet to the throttling device. 
Values of Qvtt a re  found from data presented in Reference 3-2. 

In order to determine the quality at various points in the cooling system a s  a function 
of energy absorbed enthalpy values a r e  presented in Figure 3-21 for various vent 
pressures. 

ao 2 Q 25 

VENT PRESSURE, PSIA 

Figure 3-20. LH2 Two-Phase Pmssure Drop 



Figure 3-21. Hydrogen Enthalpy Versus Quality 

3.1 .5  THERMAL ANALYSIS OF START BASKET COOLING LIQUID COLLECTOR 
CHANNELS. A liquid inlet to the start  basket cooling system is necessary to provide 
a sufficient amount of cooling. A system was sized on the basis of collection and flow 
requirements as  discussed in Section 3.1, The basic system is illustrated in Figure 
3-22. The following thermal analysis was performed in order to determine the 
criticality of supports and the total amount of energy which may be transferred to the 
cooling fluid prior to entry into the basket cooling tubes. A knowledge of this energy 
transfer is  important in that the available cooling in the vent fluid i s  thus reduced by 
an equivalent amount. 

Two sources of heat transfer to the collection channel fluid a r e  present; 

1. Heat from the bulk tank fluid due to the temperature difference between bulk and 
collection fluid due to pressure drop through the collection screens. 

2, Heat transfer through the supports which are  jntercepted from going h t o  the tank 
b d k  fluid due to conduction in the tank walls. 

In the case of item- 1- the rn&murn &P across the screens was estimabd "r; be 11 ppsf 
which corresponds to a temperahre change of 0, 020I0R at a tank saturation pressure 
of 25 psia, 



S-IVC LH2 Collection Tube 
Support Configuration 

Assumhg cor-rdensing he at 
t ransfer  a s  the worst case  then 
from the equation p r e s e n k d  
with Figure 3-11 and t h e  data 
illustrated in Figure 3-22, 
QTOTAL is calculated t o  be 
21.8 Btu/hr. This represents  
only 1% of the total tank heat 
leak. 

-r 
In the case  of heat t ransfer  
through the supports the applicable 
equation is taken f rom Reference 
3-5 and i s  presented below. 

(3-22) 
where 

Qo = heat t ransfer  a t  each 
support assuming the 
support path between the 
wall and channel does 
not restr ict  the  heat 
flow. 

6 = tank wall thickness, in this case  taken to be 0.125 in. 

hfi= heat t ransfer  coefficient external to the tank wall. Taken to be 3.82 x 

Btu/hr-ft2-OF in this case  for  the superinsulated tank where the total heat 
leak through the cylindrical portion of the tank was 170 Btu/hr from Reference 
3-6 over an a r e a  of 1238 ft2. The total temperature difference ac ross  the 
insulation was taken a s  360°R (400-40°R). 

= heat t ransfer  coefficient between the wall and tank fluid. 
hf2 

rs = the radius of the channel support at the tank wall, 

5 = w d l  temperature at an Minite distance from the support =: 



= temperature e d e r n d  to the insulation, 

Tg2 
= tar& fluid temperature 

T, 
= temperature at the support, taken to be 40"R in this ease 

k, = wall thermal conductivity taken to be 40 Btu/hr-ft-OF at -420°F. This is 
representative of material likely to be used in practice, 

K1 = first order modified Bessel function 

K O  
= zero order modified Bessel function 

Assuming a worst case condition of gas at the tank wall and acceleration of 10"~  g l s  
and a AT of 1°F then from Figure 3-10 hf2 = .052 Btu/hr-ft2-OF. Taking rs = 0.75 in. 
then Go = 1.73 Btu/hr from Equation 3-22 and for 36 supports the total heat leak i s  
62.3 ~ t u / h r .  This gives a grand total of 84.1 Btu/hr possible, including that due to - - 
pressure drop. 

3.1.6 DETAIL ANALYSIS OF LH2 START BASKET COOLING CONFIGURATION. Based 
on the mixing and heat transfer data developed in the previous paragraphs a recommended 
cooling configuration for the S-IVC hydrogen tank conditions can be determined. The 
design conditions to be defined are  coolant temperature, flow rate and tube spacing, 
The basic start  basket configuration is shown in Figure 2-2 . From Figure 2-1 
the total surface area is  275 ft2. An examination of the overall heating data presented 
in Table 3-1 and the location of the basket shows that the most critical cooling area 
is  where the basket is close to the intermediate bulkhead. Heating through this bulk- 
head is relatively high and stagnant gas can exist in the area between the basket 
and wall and become significantly superheated. This represents a potential area  of 
vaporization at the start basket surface if sufficient cooling is not provided. The 
step by step analysis proceeds a s  follows, 

Determine the maximum heat transfer which can exist between any superheated 
gas and the basket surface. This is a combination of the maximum heat transfer 
coefficient and superheated gas temperature which can be expected. In the present 
case this will occur in the common bulkhead area. Assuming the 1300 Btufhr 
heating at the bulkhead i s  distributed evenly over the 591 ft2 surface and further 
that the temperature of the hydrogen and oxygen are 40°R and 170°R respectively 
(under normal conditions) then an equivalent beat transfer coefficient across the 
bulkhead [ Ef = ":/(AD. T) J  i s  0,017 3tu/hr-ft2-OF, 

Then for the 1,s inch gap between start  basket and bullhead with a GH2 conductivity 
of .OX06 ~t-ishr-ft  an equfvdent heat transfer coefficient between wdE and basket 
I s  determhed to be -085 ~ t u / k ~ r - f l ; ~ - " ~ ,  The wall lempej:ature is then edculabd 
by an equilibrium heat balance as 



2, Assume a value for cooling temperature o r  throtUing pressure and calleulate a 
value lor ( T ~ - T ~ ) / ( T ~ - T , )  where T rn is the lnaxirnurn allowable ten~perature at  
the start basket, This is  taken a s  the saturation temperature at the minimum tanli; 
pressure, assumed to be 25 psia (39.g0R). In this case TH = Tw and for a 
throttling pressure of 15 psia (Tc = 36.8"R) and 

3. From Figure 3-19 find an allowable value for the tube spacing to meet the above 
conditions. A value of 10 inches is found to be reasonable. 

4. The above analysis can then be repeated for the other basket surfaces and an 
overall tube spacing determined. A s  a conservative first  cut analysis the 10 inch 
spacing is  assumed to be distributed over the entire basket, 

5. For the spacing determined above calculate the total heat transfer which may occur 
between the tank fluid and cooling coils under maximum heat transfer conditions. 
In the present case, from an examination of the mixing and heat transfer data, 
condensing heat transfer was found to be limiting. Then from Figures 3-11 and 
3-18 a total heat transfer can be determined. In the present case ATavg = 1.55"F, - 
hf = 6.45 Btu/hr-ft-OF and $[Ab (T~-T, ) ]  = 1.15. Then since Ab = 275 ft2 and 
TH-T, = 3. 1°F, QTOTAL = 1.15 (275) 3.1 = 980 Btu/hr, which is  within the 
allowable limits. Including the potential heat pickup in the collector channels of 
84.1 ~ t u / h r  the total maximum energy absorbed up to the basket outlet is 1,064 
~ t u / h r .  

6. Determine a cooling flow rate from a fluid energy balance. From Figure 3-2, 
assuming it is desirable to remove a total maximum heat energy of 1800 ~ t u / h r  
through the circuit up to state 5 a s  shown in Figure 3-4, then a reasonable flow 
rate would be 9 lb/hr. This allows for a reasonable variation in heat transfer 
from nominal values presented in Table 3-1. The maximum energy or  enthalpy 
change of the cooling fluid between the tank and basket exit is  thus determined to 
be GT/lhV = 1064/9 = 118.5 Btu/lb. 

Referring to Figure 3-21 the basket cooling exit quality is thus 0.665. Considering 
the energy required to be removed in the feed duct of approximately 100 Btu/hr 
(Reference Section 3.1.7) the exit quality from the feed duct would be on the order 
of -725, The overdl cooling requirements and energy bdances have been thus 
satisfied axd a su.EEieien% margin of safety providd, 



7, The tube size must now be determined and the o v e r d l  pressure drop calculated, 
The t o t d  tubing length for a u-ngorm 10  inch spacing is determined to be 4,2917 in, ,  
including the required malrrEoldhg, From Figure 3-20 

at xe = 0.725 and a vent pressure of 15 psia. Assuming a tube diameter of 3/81! 
x .030 o r  Di = 0.315 inches then for hT = 9 lb/hr. 

2 
- - 4,297 (9) 4.4 x 

*'TPF 5 
= 4.94 psi 

(. 315) 

which is considered to be excessive. Next, assuming a 1/2" x .030 tube with 
Di = .440 in. 

APTPF = 0.925 psi 

which is considered to be reasonable. 

In order to minimize the pressure drop a parallel flow arrangement using 3/8 inch 
tubing was -investigated and i s  illustrated in Figure 5- 4. 

The main disadvantage of this type of system is that proper flow distribution of the 
liquid and vapor among the various passages can become a problem. Assuming only 
gas flows in some of the tube passages then hot spots can develop due to insufficient 
cooling in these areas and vapor thus formed within the start basket. 

In order to estimate the relative magnitude of the problem the volumes of vapor and 
liquid entering the basket coils under typical flow conditions were calculated. 

For throttling from 25 psia (39.g0R) to  16 psia (37.1'33) the amount of vapor formed on 
a volume basis was determined to be close to twice that of the liquid even though the 
quality on a mass basis was only .039. This indicates that prevention of vapor from 
flowing in some passages at the exclusion of liquid would be very difficult. The 
calculation is  presented below. 



For p = .0935 ih/ft3; p L  = 4.38 
g 

The magnitude of this vapor fraction would seem to dictate the use of a series flow 
arrangement with 1/2" cooling tubes. 

One further refinement was made to the cooling tube configuration to reduce the total 
tubing length. Since reasonably good mixing is anticipated in the regions near the top 
and ends of the basket a greater tube spacing than 10 inches can be used in these area. 

Assuming a tube spacing of 16 inches and performing an iteration between the data of 
Figures 3-10 and 3-19 where Tm = 39. gOR, Tc = 36.8"R and the acceleration level is 

g's, then an allowable gas temperature (TH) of 47OR is obtained. This represents 
a 7" superheat which can be tolerated in this area and i s  considered to be a reasonable 
design assumption where complete tank mixing is accomplished. This system design 
is presented in Figure 5-4A. For this configuration the total tubing length is still 
approximately 4,000 in. and a final estimate of the pressure drop results in a value 
of .86 psi. 

3.1.7 ANALYSIS OF LH2 FEEDLINE COOLING. The basic feedline configuration 
analyzed i s  illustrated below. 

STIIIIT 

This line, whether liquid filled or  dry, is 
connected to a heat source from which it 

,AI, A1.Y E1,IION cannot be effectively insulated, The central 
problems are  how to best remove the heat 
introduced into the tank from the feedline 

C R E S  .035 \VAI,L 
and how to ensure that the propellant feed 
system will function properly when called 
upon. 

INTERFACE Initially, the feedline will be wet, and any 
subsequent evaporation of the contained 
liquid may cause expulsion of a volume of 

,/ 1 TO ENGINE 
liquid from the start  basket equal to 

450" 
approdmately 30 times the volume of liquid 
evaporated. It is thus essential to either 
eliminate evaporation completely or to 

Figure 3-23, S-SVC LH2 Engine provide a vent for the evaporated fluid, 
Feedl h e  E1htnLrttic.n sf vaporization entire1 y 



requires removal of all incident heat, part of ~vhieh i s  r%df&ion from the warrn end 
of the tube. Radiation, mP%e convection and conduction car-rnot be tdten out at the 
warm elid because it can penetrate theliquid, A cooled optied b)saff?e could be used at 
the warm end of the pipe bgt since heat is coatlmously entering the Tiquid through the 
insulation on the pipe some cooling over the entire surface will be necessary allyway, 

Heat to be removed from the propellant feedline i s  tabulated below, assuming that a 
four inch GH2 gap exists between the heat source and the liquid/vapor interface. 

Radiation 24.5 Btu/hr 
Gas Conduction 25.7 Btu/hr 
Metal Conduction 45.2 Btu/hr 
Insulation Heat Leak 5.3 Btu/hr 

Total 100.7 Btu/hr 

Heat from gas conduction and metal conduction can be removed at the warm end of the 
pipe by heat exchanger coils wrapped on the outside of the pipe under the insulation. 
The remaining 30 Btu/hr can be removed over the entire pipe surface by heat exchanger 
tubes, coiled on the outside surface of the pipe, under the insulation. 

In order to estimate the cooling tube spacing required along the duct wall, Equation 3-6 
is used. The duct is assumed to be superinsulated with the same effectiveness a s  the 
main tank such that G/A = .I13 ~tu/hr-f t2  with an external insulation temperature of 
450°R. The equivalent hf for use in Equation 3-16 is  thus 2.76 x 10'~ Btu/hr-ft2-OF. 
For the following duct parameters, values of (TH-Tc)/(TH-T,) are plotted as a 
function of tube spacing in Figure 3-24. 

= 1.25 Btu/(hr-ft-OF) of CRES @ -420°F 

Additional eooling coils are, of course, placed at insulation penetration areas such a s  
at the entrance to the tank and near the end where conduction from the engine i s  high. 

It was further determined from solutions to Equation 3-15 that the presence of the 
cooling tubes had negligible effect on the total heat transfer to the feed duct which must 
be intercepted by cooling, 

Calculations were made to thermdly contro1 the feedline interface screen configuration 
in order to prevent vapor formation within the liquid on the upstream side of the screen, 

Heating to the screen from gaseous conduction wld radiation due to the hot e q f n e  md 
feedline was eonservative%y computed to be 9,86 and 3.21 ~ t u / h r  respectively, Metd 
eonduction dong the duct was 18,8 ~ t u / h r  and heat flux thru the hsulation was 4,69 
Btu/hr, 

9-00 
0-60 



Figure 3-24. LH2 Feed Duct Cooling Tube Spacing 

Using a stainless steel screen and backup support in the stainless duct proved to be 
unsatisfactory because of the low thermal conductivity of stainless steel. Copper radial 
strips on the screen were looked at but proved to be unsatisfactory due to high tempera- 
tures between the strips. Copper screens with a relatively large cross section (30 x 
250) were analyzed and proved to have sufficient conductance to keep fluid temperatures 
well below saturation conditions. A configuration using a conic a1 copper screen 
attached to a stainless steel perforated cone which i s  in turn welded to the inside of the 
duct will be thermally and fluid dynamically satisfactory. Cooling capacity and heat 
transfer coefficients of the vented fluid a r e  sufficient to use a single coil of heat 
exchanger tubing at the circumferential screen-duct attachment locus. 

3 , l .  8 . Thermal analysis was accomplished on the 
S-EC LO2 tank start  basket configuration using external cooling, illustrated in Figures - 
3-1 and 3-4, In this configuration cooling coils containing hydrogen vent gas a r e  wrapped 
around the outside of the LO2 tank, Basket characteristics used in the andysis a r e  
presented in Figure 3-25. 

An initial analysis was w d o m n e d  to d e t e m h e  whether o r  not it would be practical to 
prevent evaporation from occurring at the basket du rhg  tra-nsient tank pressure decay 
with an external coaling configuration, In o rde r  to prevent vaprization s f  m y  of the 



s tar t  basket fluid it is assmied 
that this fluid and also the 

/ 
V=44* 1 ft3 

VT = 68.5 f t  3 
Within Basket 

A s T  = ($6. 2 ft 2 51 f t2  

surrouildfng surfaces must be 
maintained below the fluid satura- 
ti011 temperature, 

A maximum tank pressure decay 
rate was determined on the follow- 
ing basis. 

. LO2 tank net heating = 1200 
& 240 Btu/hr. 

Figure 3-25. S-IVC LO2 Start Basket 2. A t  the upper LO2 tank pressure 
limit the H2 cooling system is 

designed to remove 1440 Btu/hr and assuming a 10% tolerance on this system a 
maximum heat removal of approximately 1600 Btu/hr could occur. This results 
in a maximum net heat removal from the tank of 1600-960 = 640 Btu/hr. 

3. The total mass of oxygen is 108,000 1b. 

4. Using the stratified pressure change model from Reference 3-7, where the percent 
ullage is taken as 30%. 

5. Then from Equation 3 of Reference 3-7 the rate of pressure change, A P / A ~  = 
1450 (. 00593)'. l4 = -087 psi/hr 

In order to be reasonably conservative a value of 0.1 psi/hr was used in the subsequent 
analysis. 

A thermal network was constructed and inputted to the Convair Thermal Analyzer 
Computer program (Ref. 3-8). The tank and basket section nodal set-up is shown in 
Figure 3-26. The basket section was divided into 9 nodes with equal lengths between 
node centers and the tank wall was divided into 8 equal length nodes. The section 
considered is taken to be 1/10 of the total tank circumference. During the pressure 

\ decay cycle the warmest temperature of the s tar t  basket would be T12 as shown in 
Figure 3-26 and prevention of fluid vaporization at this point would be dependent on 
the relative rates of tank pressure decay and hydrogen cooling effect. 

Computer calculations were made to determine complete temperature histories under 

the following conditions, 

I, The tank fluid a t  the basket was taken to be a gas and eondensing heat t ransfer  
( F f g ~ r e  3-16) was a s s ~ m e d  "c occur betweell 7'2 md A1 s tar t  basket nodes, 
Based on previous analysis (Section 3.1.2) condensing was d e t e m h e d  to 



produce the Irighest hea"itransfe r, 

Tank 
Fluid Screened 

Start Basket 

2, Beat transfer between the start basket nuid (T3) 
m d  start basliet md wall is  by ~ a t u r a l  eonveetfon 
(Figure 3-14) with an assumed acceleration of 
10-6 g's, 

3. Heat transfer between adjacent wall nodes and 
basket nodes is by conduction. 

4. The maximum saturation temperature drop was 
calculated to be 0 .12"~/hr  based on a 0.1 psi/hr 
pressure decay. 

5. A steady state temperature solution was obtained 
prior to initiation of the transient calculations. 
This was based on T i  = 100°R and an initial 
saturation temperature (T2) of 163"R. 

The computer calculations show that the tank wall 
Figure 3-26. LO2 Start Basket 

Nodes - S-IVC Half Section 
exchanger cooling system is capable of preventing 
vapor formation in the LO2 start basket under the 

conditions analyzed. At initiation of pressure decay Tg, T12, and T20 were calculated 
to be 149.22"R, 162.14"R and 147.43"R respectively. This results in a minimum sub- 
cooling at a& point of 0.86"R. During a subsequent 10 hour pressure decay period the 
minimum subcooling (T2-T12) was found to be not less than 0,76"R, thus preventing 
basket fluid vaporization. The data showed that for this temperature o r  pressure 
decay rate the temperatures at all nodes corresponded to essentially steady state 
values throughout the cycle. 

From the above analysis it is seen that the anticipated pressure decay rate would not 
cause vaporization to occur in the basket with any reasonable amount of basket 
cooling. The next step in the analysis is to determine cooling system details a s  to 
tube sizing and attachment configuration. From the computer analysis it is noted that 
the heat transfer to the cooling fluid (Node 1) was 131.25 ~ t u / h r  for the 1/10 section. 
The total cooling for such a continuous tube attachment configuration would thus be a 
minimum of 1,312 ~ t u / h r .  The actual cooling for a continuous tube attachment would 
be even more, since conduction to the cooling node from the tank area outside the 
start  basket was not pertinent to the transient response analysis and therefore not 
included, Such conduction would, however, add to the total heat absorbed by the 
cooling fluid. 

The actud heat transfer will depend on the I;emperature r m g e  in the cooling k b e  and 
fntcmd heat "transfer cmffbients, Attaehrmenhf the eoolhg tube at discrete poirrts 
rather than continuously to control the total cooling load i s  analyzed below, 



A heat balance was made on the cooling fluid to determine the applicable temperature 
r awe, 

Leiking the GH;! flow = 9 Ib/Err, then for the maximum heat transfer removal of 1446 
~ t u / h r  (1200 i: 20%) the change in cooling fluid enthalpy is 160 ~ t u / l b .  This corres- 
ponds to a temperature rise of 62°F from an assumed inlet temperature to the oxygen 
exchanger of 50°R. Since the nominal oxygen tank temperature i s  172°F (sat, tempera- 
ture at 25 psia) the exchanger effectiveness [ ( T ~ ~ - T ~ ~ ) / ( T ~ - T ~ ~ ) ]  need only be 
62/122 = 0.51. Thus the basic exchanger design i s  to control the amount of heat 
transfer rather than maximize it. 

Calculations were made to define an actual exchanger configuration. The basic attach- 
ment is  assumed to correspond to that shown in Figure 5-36 . Applicable equations 
taken from Reference 3-5 are  presented below. 

where 

Qn = heat transfer rate to the attachment point from the tank fluid taking 
account of conduction in the tank wall. 

This was determined to be a valid assumption for the tank temperature 
far from the support since the resistance to heat flow is high (low h2) 
through the superinsulation as compared to that between the tank wall 
and the fluid. 

Qg = heat transfer rate from the attachment to the cooling fluid, 

L = tube s trcuunferenee, 

Ai = tube area in htimake contact with the tube suppod, 



T, = cooling vapor temperature, 

hfi = cooliiig tube ii-iternal heat t ransfer  coefficieiit . 
Otherwise the t e rms  a r e  defined the same a s  for  Equation 3-22 with the subscript t 
here referring to the cooling tube, 

Assuming that Qi = Q, and solving for  Tn in Equation 3-24 results  in 

Q n 
Tn = Tv + 

2L I/- +hfi  Ai 

Substituting into Equation 3-23 and solving for  g,, 

Assuming a 1/2 inch aluminum cooling tube, and 

btw =. .032 in. 

L = 1.57in. 

TB = 172"R = tank fluid bulk temperature. 

rs = 0.5 in. 

6, = . I25 in. 

hfl = 7.25 Btu/hr-ft2-OF from Figure 3-16 @ ATavg =20°F condensing heat t ransfer  

- 
hf2 = 0, which assumes a superinsulated tank wall with low heat t ransfer  

coefficient with respect to that internal to the tank, 

The tube in te rnd  heat transfer  coeEicient is calculated using Reynolds Analogy 
(Reference 3-54) where 



F G ~  a flow rate of 9 lb/hr, CE = 2,s ~ t u h b - " ~ ,  and f = .015 for turbulent flow in 
smooth tubes; hfi = 32 ~ l u , / ! ~ r - f t ~ - ~ ~ .  

Substituting values into Equation 3-26 results in a heating o r  cooling of 53.5 Btu/hr 
pe r  attachment. 

From Equation 3-25 the support temperature, Tn is  140.8"R. This results  in an 
average temperature difference between bulk and wall of (172-140.8)/2 = 15.6"F. 
The above calculations must then be repeated with a new condensing heat t ransfer  
coefficient based on an average AT of 15°F. From Figure 3-16 hf =: 7.75 Btu/lb-OF-ft 2 

and the new heating o r  cooling value is 53.8 Btu/hr with Tn = 141°R. This shows that 
the cooling pe r  attachment is not sensitive to changes in heat t ransfer  coefficients in 
the range considered. Assuming a minimum total LO2 tank cooling of 960 Btu/hr 
then the number of attachments would be 17.85. For  this case  the use of 17 attach- 
ments at the s tar t  basket a s  shown in Figure 5-36 would be satisfactory. An additional 
coil is continuously attached to the tank in an a rea  up from the s tar t  basket to provide 
any additional tank cooling which might be necessary. The circulation of fluid through 
this additional loop would be controlled by a pressure switch sensing oxygen tank 
pressure.  The flow configuration and attachment areas  a r e  shown in Figures 5-32 
and 5-38. Flow would be continuous through the s t a r t  basket and feedline cooling 
coils. Mixing would be accomplished in the tank to minimize temperature gradients. 

A further concern which was analyzed was the possibility of freezing of oxygen in the 
tank. To check this possibility an analysis was made of the f i r s t  attachment point 
where the hydrogen is coldest and the cooling thus greatest. The hydrogen temperature 
is assumed to be 50°R at this point and the tank fluid in contact with the wall is taken 
to be liquid. This condition will result in the lowest temperature at the wall support 
(Tn). Analytical results a r e  presented below. 

Assuming to be 30°F then from Figure 3-14 h = 1.335 Btu/hr-ft2-7. 
f1 

Then from Equations 3-26 Qn = 63.4 Btu/hr and from Equation 3-25 Tn = 121°R which 
i s  significantly above the freezing point of oxygen of approximately 100%. Therefore, 
freezing fo r  the present system configuration should not be a problem. 

Compressible flow pressure drop calculations were made for  the 1/2 inch tubing 
assuming a total length of 1200 inches including both tank coils and feedline cooling 
coils. The ratio of outlet to inlet pressure (p2/p1) was found to  be 0.885 o r  AP 
1.7 psi which is reasonable 

The above thermal analysis assumes that the heat t ransfer  resistance through the 
external Insulation is large compared to that internal to the tank, ThereGore, wall 
temperatures a re  low and vaporization not a problem a s  long as  sufficient overall 
beat is being removed from the s tar t  basket a rea  by the cooling tubes. Consideration 



s f  the overdl  heat leak on a mzsrm basis shows a fairly high wall heat flux,  AS am 
e x m p % e  tho tstd heating i s  2580 ~ b / h r  (Reference 3-6, page 80)  fear the net of 
1200 ~ t u h r  Efsted in Table 3-1, 

This resarlts in an average &/A of 2500/593. '= 4,23 ~.la%/hr-fl~ and assuming an outer 
surface temperature of 450°R and a LO2 temperature of 170°R an equivalent heat 
transfer coefficient for the entire surface i s  calculated to be 0. Of 51 ~tu/hr-&2-"F, 
This can result in a fairly high equilibrium wall temperature. Therefore, cooling 
system design is critical in preventing wall temperatures above saturation in the start  
basket area. Analysis for this high external heating case is presented below. For this 
condition proper temperature control must be obtained by locating the cooling attach- 
ments on the tank wall within the basket area. 

The maximum allowable heat removal from the tank by this exchanger is assumed to be 
960 ~ t u / h r .  From Figure 3-25, the basket area exposed to the tank fluid has an area 
of 66.2 ft2. Assuming a worst case heat transfer of condensing gas on the basket - 
surface then from Q = hf A AT and Figure 3-16 the maximum subeooIing (AT) of the 
basket fluid is found to be 0.934"F. Since the placement of tube attachments a r e  at the 

tank wall within the circumference of the basket only heat from within the basket and 
that intercepted at the wall is transferred to the cooling fluid. The tank internal heat 
transfer, as  effecting attachment cooling, is  then by LO natural convection at the 

2 
wall. Equations 3-25 and 3-26 a re  still applicable, and now h = .0151 ~ t u / h r - f t ~ " ~  

f2 
and hf4 is obtained from Figure 3-14. In order to determine the allowable cooling tube 

"1 placements, values of heat transfer as  
- a function of cooling temperature a re  

determined from Equation 3-26 and 
plotted in Figure 3-27. 

For the present conditions : 

A required spacing necessary to  prevent 
the tank wall temperature from. rising 
above the tank saturation temperature at 
any point is determined from the Eollow- 

I ing equation, -- I -  

Figare 3-2"/ SSIV C! LO Tank Cooling 
2 

Load as a Fwetion of 
Cooling Temperature 
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D 

where Q is taken from Figure 3-27. 
n 

The value, 5 ,  represents the equilibrium wall temperature at r = W  and is  very im- 
portant in determining the area which a single cooling attachment can maintain below 
saturation. From the definition of C it is  seen that the lower the external heat trans- 
fe r  coefficient hf and the higher the internal value hf the closer this equilibrium wall 

temperature will b e  to the basket fluid temperature. %ith high enough values of h 

fl 
relation to h the value of 5 will be below the saturation temperature and the total 

removed from the basket would be the sole cri teria for  attachment spacing. 

For the present conditions where h fl = .0151 ~ t u / h r - f t  - O F  and h f2  is found f rom 
Figure 3-14, C was found to be 176.g0R. Equation 3-28 i s  then solved for temperature 
distribution in the tank wall. An average temperature difference was used in deter- 
mining h f2  and an iterative solution accomplished between Figure 3-14 and Equation 
3-28. 

This data is  presented in Figure 3-28. 
From this figure i t  is seen that temperatures 
below tank saturation are maintained out to 
a radius of approximately 10 inches. This 
represents a satisfactorily cooled area  of 
314 in2. From Figure 3-27 the average heat 
transfer per attachment is  49.75 ~ t u / h r  
(taken at 81°R cooling temperature). This 
results in an allowable number of attach- 
ments of, 960/49.75 19. The total area  
being maintained below saturation is  thus 314 
(19) = 5,960 in2. From Figure 3-25, the tank. 
wall a r ea  within the s tar t  basket is  7,350 in2 
and thus the above configuration would not 
be satisfactory for assuring that no vapor 
formation occur within the basket. 

It is  noted that for the actual vehicle system 
most of the 2500 Btu/hr heat transfer into 
the oxygen tank is through the thrust struc- 
ture support by conduction. The above 
azalysis shorild, therefare be conserva- 
tive since the thrust structure attachment 
is located somewhat outside the basket area. 

Figure 3-28, LO 2 Tank Wall  Tempera- 

ture Distribution, 



It would thus be reasonable to apply high performance insdation to the tank area with- 
in the thrust structure in conjtu~ctiol? with the start  basket, Values of the equilibrierm 
wall temperature (TM) are plotted in Figure 3-29 as a ftmction of ilisriiation effective- 
ness. &Hz, with heat transfer coefficients from Figxre 3-14, i s  assumed to exist on 
the fluid side of the wall. 

Assuming 19 supports, the minimum 
required area  per support would be 
7,350 2 

19 = 386 in o r  an effective radius 

of 11.1 in. Taking account of overlap 
and tolerances an effective radius re-  
quirement of 15 inches would seem rea- 
sonable. An inspection of Figure 3-28 
indicates that this could be accomp- 
lished if the equilibrium wall temperature 
( 5 ) were on the order of 173"R o r  

[( 5 - T ) = 1 O F ]  . For this to occur, 
from Figure 3-29, an effective external 
heat transfer coefficient in the s tar t  
basket area  would neet to be on the order 
of 2 X 10 -3 ~ t u / h r - f t ~ - " F .  This would 
appear to be a reasonable value assum- 
ing the use of superinsulation in this area. 
As an example, the effective heat transfer 
coefficient for the LO tanker vehicle 
(see Section 3.2) is estimated to be 3.38 
x 

Figure 3-29. Equilibrium Wall Tem- 
perature as a Function 
of External Heat Trans- 
fer. 

3.1.9 LO2 - --- FEED DUCT COOLING - An estimate of required cooling tube spacing 
for the LO feed duct was made in a similar manner to that as discussed in Section 
3.1.7 for t%e hydrogen tank. Equation 3-16 is applicable. The basic duct conditions 
a re  illustrated below. The duct material was assumed to be the same as  for the 
hydrogen case. 

Then for  K = 5 ~tu/hr-ft-OF and hf 12" 
2 e 

= .0151 ~ t u / h r - f t  -OF from Equation 
CRES 

3-16, T H - T C  
-035 

= cosh [ (. 0424) (a, in, )] WALL 

- 



The solution is presented in Figure 3-30 as a function of tube spacing, For the pres- 
ent conditions where 77 = 45Q0R, T = LO0 o r  the T = 172"R the tube spacing w o ~ ~ l d  

A4 c! 
neet to be on the order of 16 inches, For T = 1 % " ~  the required spacing is em, approximately 14 inches. 

3.2 LO2 TANKER THERMAL ANALYSIS 

The basic coilfiguration analyzed is presented 
in Figure 3-31 along with pertinent data. 
As discussed with respect to the SIVC 
thermal analysis the following possibilities 

rn 
exist for  the generation of vapor within w 
the collector channels. 

X 
U 
5 

a) Heat transfer directly to the channels 2 
and/or reservoir from the environ- 
ment through conduction in the support 
members. 

b)  Heat transfer from superheated gas in 
contact with the channel fluid. If the 
heat transfer from such gas i s  greater 
than the rate of dissipation to the cool- 
ing medium or subcooled liquid then 
vapor'can be formed. One advantage 
of the collector channels over the SIVC 
s tar t  basket system is that some part  of the ch 

1.0 1.2 1 e 4  
Figure 3-30. LO2 Tank Feed Duct 

Cooling Tube Spacing. 
annels a re  always in contact with 

liquid and thus the screen tends to remain wetted at all times. Any evaporation 
occurring at  the screen surface should thus be immediately replaced with liquid, 
thus preventing vapor formation within the channels. Also, this wicking action 
tends to minimize stratification in a similar manner as  a heat pipe. 

c)  Bulk boiling due to a drop in tank pressure caused by gas venting o r  heat removal 
not at  the screen surface. In the SIVC oxygen tank analysis presented in Section 
3.1.8 it was shown that such pressure decay is  generally slow enough such that 
a cooling system employed to prevent excessive external heating will also be able 
to prevent evaporation during the pressure decay transient. 

From the above discussion it is seen that heat leak into the channels o r  reservoir  
from supports and areas  not completely covered with screen i s  the most critical. 
The main problem is  in uniformly distributing the relatively low vent cooling capacity 
to the many potential channel hot spots. 

The basic system proposed utilizes a thermodynamic venbsgstem designed to operate 
with liquid at the inlet to the heat exchanger. The liquid collectors will be tapped to 
provide this liquid, The oxygen ventage will chill critical areas of the collection, 
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Figure 3-31. LO Tanker Configuration 
2 

reservoir and feed line to intercept heat leaks and assure a vapor free condition at  
the tank outlet and within the liquid reservoir.  The cooling fluid will then be vented 
to a bulk heat exchanger and mixer within the tank to assure that essentially all  the 
available energy i s  extracted from the vent for tank pressure control. This system 
could also employ a separate bulk exchanger for on-off pressure control in order  to 
allow a constant vent cooling system. The basic considerations between the two 
systems is essentially the same a s  discussed for the SIV C vehicle in Section 3.1 

The cooling fluid is initially throttled to a lower temperature and pressure. The re-  
sulting loss i s  the AT available for  heat transfer. In order to minimize the flow distri- 
bution problem it is assumed that each cooling circuit has a separate throttling device 
and liquid is taken directly from each channel o r  reservoir to be  cooled. The tota.1 avail- 
able flow rate is  determined by requiring that the tank pressure remain constant. 
If all of the heat added to the venting fluid comes either directly o r  indirectly from 
the tank liquid then Equation 3-1 can be used to relate the flow rate to the exit en- 
thalpy for constant pressure venting. 

Either liquid o r  vapor e m  be introduced into the vent system, but zfter consulting 
a T-S diagram for oxygen one sees that the heat capacity of vented va,por is in- 
sufficient to rernove a significant fraction of the incident heat rate. Liquid, there- 
fore,  is drawn from the tank and circulated through the heat exchanger tubing where 
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it rises in enthalpy to h Values of co~nputed from Eqtration 3-3 are pre- 
exit' v 

sented in Figure 3-32, 

Expa-ndilzg the vent liqltid to low pressures provides a smail AE; for flow through the 
tubes, the results in a large AT (in the boilirrg region) for heat t ra isfer  from the 
saturated tank fluid. By expanding to pressures only slightly less than tank pres- 
sure the A P  for flow in the tubes is increased and the AT for heat transfer i s  re- 
duced. The Ah available for energy absorption is only slightly decreased however, 
because the sensible heat of the vapor at these temperatures is only a small fraction 
of the heat of vaporization. Also the enthalpy of saturated vapor is  insensitive to 
pressure in the range considered. 

A balance in energy exchange rates is  sought whereby the expanded vent fluid absorbs 
enough energy to prevent vaporization in the collector channels and can be exhausted 
from the 0 tanker at the flow rate and exit enthalpy which results in constant tank 

2 
pressure. 

A mixer is required within the tank to assure a homogeneous thermodynaniic con- 
dition within the tank. 

Any heat incident on the tank skin must be rernoved if a possibility exists that it will 
enter the collector channel. After the initial chilldown period all of the collected 
liquid will have reached steady state at temperatures at o r  below saturation. A 
cooled channel thus becomes a heat sink and the heat exchanger must remove heat 
incident dn the tank skin and heat transferred to the collector channel by the pro- 
pellant. 

Two basic cooling methods are analyzed below. In both cases individual cooling tubes 
and throttling devices are used for each collector channel and also for the reservoir 
basket. The two configurations analyzed are  shown in Figure 3-33 and Figure 3-34. 

TANKER W A L L  
HPI \ COOLANT FLOW 
\ / CHANNEL 

LIQUID COLLECT OR 
CHANNEL 

Figure 3-33, LOX 'I'mker Cooling With Cooling Channels 
Inside the Collee tor Channels 



In both eases the reservoir is cooled at the external tmk surface as  described i r i  

Section 3-1.8 for  the S-IVC oxygen tank, 

The f i rs t  system considered utilizes a small charmel o r  tube running inside of each 
collector chaiilel, which slightly sirhcoclls the liquid withln the collector channels. 

Based on the thin profile geometry as  presented in Figure 3-31, heat transfer between 
the screen surface and the cooling tube is  by conduction. The worst case fo r  main- 
taining a subcooled condition is when condensing heat transfer can occur at the screen 
surface. The surface is  thus raised to essentially the tank saturation temperature 
and any small amount of additional heating such as  at  a support would cause vapor to 
form. 

For the case where cooling flow was within the collector channels a thermal analysis 
was performed using the Convair thermal analyzer program (Reference 3-8). Boiling 
heat transfer was assumed to occur internal to the cooli~lg tube. From Reference 3-10, 
for oxygen at 1 atmosphere 

For  heat transfer from the tank fluid to the start basket, condensation and forced 
convection LO heat transfer were assumed. The initial configuration analyzed i s  

2 
shown below. 

7" 7" 

TANK FLUID 

Heat transfer from the collection channel surface to the cooling channel and f rom the 
wall to the collection channel is  by conduction through the LO For a coolant tem- 
perature of 155"R and a bulk tanlt fluid temperature of 163'R t!e heat transfer to the 
coolant was 12.48 ~ t u / h r  per foot of length and for 288 foot of channel the total heat- 
ing was 3,600 ~ t u / h r .  This is  much too high and therefore a configuration with the 
cooling tube located within the channel, a s  shown below, was considered in an attempt 
to reduce the total required cooling load. 

BPI ,TANK WALL (L " *I" AL ALY) 



The cross-sectional area  of the tube was assumed to b e  negligible with respect to 
that of the collection chmnel, 

Cases -were ruil with cooling temperatures of I55 alci 160°R resulting in cooling loads 
of 7.06 and 1.79 ~ t ~ z / ~ - l r - f t  respectively. These correspond to total loads of 2,030 
B t u h r  and 515 Btu/hr, both of which a r e  still too high. 188 Btu/hr is  the desired 
maximum over the total length. In all cases the main resistance to heat transfer was 
found to be between the collector surface and the internal tubing, therefore, further 
analysis was performed assuming a collection channel surface temperature of 163"R 
and pure conduction between this surface and the cooling tube. 

Looking f irst  at a 1/2 inch tube and taking into account the actual diameter of the 
tube in calculating the tube distance from the collector channel wall, cooling for a 
160°R cooling temperature was found to be 2.36 ~ t u / h r - f t  (680 Btu/hr). 

The following iterations were then accomplished in an attempt to reduce the cooling 
load to acceptable levels. 

a)  Reduced cooling tube size to 1/4" resulting in 6 = 1.18 Btu/hr-ft (340 Btu/hr).  
T 

b) Moved 1/4" tube to channel center with 6 = .95 Btuhr - f t  (274 Btu/hr) resulting. 
T 

c )  Reduced cooling tube to 1/8" dia. resulting in 6 = .678 ~ t u / h r - f t  (195 Btu/hr).  
T 

The above analysis indicates the problem with a cooling tube inside the channels; 
since even with the 1/811 diameter tube located in the channel center with low con- 
ductive supports, the total heating load could be greater than the maximum desired 
value of 188 Btu/hr. It i s  also noted that additional heat capacity within the 188 Btu/ 
h r  must be allowed for cooling of the reservoir and feed line. 

A further reduction in maximum cooling load could be accomplished by increasing 
the cooling temperature. However there a r e  certain tolerances on the exit pressure  
control and in order to be assured of some throttling a maximum pressure differen- 
tial between tank and cooling of approximately 2 psi is  considered reasonable. This 
corresponds to a cooling temperature of 160°R, for a tank condition of 15 psia (163"R) 
which has been used in the above analyses. 

A further possibility for  balancing the cooling with external heating is  to provide a 
number of short lengths of cooling tube only in the areas of the supports where cool- 
ing is  most critical, In order to do this effectively a large number of throttling 
devices would be required, This would tend to reduce the overall system reliability 
since such throttling devices a r e  subject to plugging due to contamination, This is 
especially ti-ue for the sindl passage sizes which wodd b e  reqtrired in the presetit 
case, Also, the number of throttling locations is limited by the minimum flow which 



can be handled by each device, since the total vent Row is essentially constant for n 
given total tank heating. Use of a viseojet throttling restriction, a s  described in 
Reference 3-11, is considered most applicable for the present systenl, Calculations 
were nlade on the basis of a total vent of 2 Ib/hr, a 3 psi pressure clrop =d the mini-  
mum size device available. From this a maxinlum of 30 cooling points were deter- 
mined to be feasible. Since there are a total of 50 supports and because of the 
reliability problem the internal cooling configuration does not look promising. 

A more promising solution to the LO tanker cooling problem appears to be location 
2 

of the cooling tubes external to the tank wall with direct attachment only at critical 
collector and reservoir support points. Analyses were made of such a system using 
the basic Equations of Section 3.1.8. A typical attachment is shown in Figure 3-34. 

Figure 3-34 LO Tanker External Cooling Tube Attachment. 
2 



The following data apply to the configuration analyzed, 

T = 396"R 
a 

T = 159"R (P = 12 psia) 
c e 

T~ 
= 163"R 

= .024 in. 
6tw 

= 55 Btu/hr-ft°F 

Dt 
= . I25 in. 

2 
hf 

= 57.5 Btu/hr-ft OF (LO Boiling at T = 2"R from Eq. 3-29) 
-4 

11 
2 

= 3.38 x 10 Btu/hr-ft O F  

e 
2 

A = (. 125)/ = .392 in. 
S 

L = (. 125) = .392 in. 

It is assumed that mixing is  accomplished in the tank in order to minimize tempera- 
ature stratification. This mixing is especially important for  the present system 
since direct coolirig of the channel fluid i s  not accomplished and superheated vapor, 
if present, might cause vaporization in areas  not completely covered with screen. 
Screened areas a r e  assumed to remain wet at  all times due to wicking, 

2 
Assuming a maahimum ivlternd heat transfer coefficient 06 1 0  ~ t u / h r - f t  O F ,  

5 7 163OR; E = 4.66/ft and from Equations 3-25 and 3-26 Qn = 1.067 ~ t u / h r  per 
attachment and T = 162,3"R. 

n 
3-45 



For  the 80 attachments, 4 = 85-4 ~ t u / h r  which leaves approximately 1 0 3  i ~ f t u h r  
T 

fo r  reservoir and feed line cooling. Referring to Figure 3-16 a1c3 3-17 it is seen that 
a heat transfer coefficient of 1 0  corresponds to condensil~g heat transfer at AT = 5, GOR 
and a LH forced convectioi~ flow of .I3 ftltjsec. For other fluid conditions the coeffic- 
ient will l?e somewhat less. The minimum case would be for LO forced flow, and 

2 
per  Fig-ure 3-17 a reasonable value would be on the order of 0.1 ~ t u / h r - f t ~ " ~ .  For 
For this condition P 164"R, E = .466/ft, c r  = .01945 and from Equations 3-25 
and 3-26 6 = 1.11 Btu/hr per attachment an3 T = 162.4'R. 

n 11 

For  the 80 attachments, Q 2 88.8 ~ t u / h r  which leaves approximately 99.2 Btu/hr 
T 

for cooling the other areas. This shows that the above system is good over the full 
range of heat transfer to be expected and that the cooling load i s  rather insensitive 
to internal heat transfer over this range. This is primarily due to the very low heat 
leak through the external tank insulation. It is noted that it i s  important in a final 
design that insulation penetrations do not occur at the collection channel support points. 
The above analysis is applied to the short load supports shown in Figure 5-58. The 
drag struts  a r e  long and have sufficient thermal resistance that by proper tank mixing 
the temperature a t  the end on the channel will not be above saturation. 

In order to verify the use of 1/8" tubing, pressure drop calculations were made in 
the same manner as  described for two-phase hydrogen in Section 3.1.4. Assuming 
a total flow of 216/hr split into 10 equal flow passages, an exit flow pressure of 12  
psia, and a length per  flow passage of 30 feet, the total pressure drop was calcu- 
lated to be only 0.08 psi. 



EXPERIMENTAL P R O G R m  

During the second phase, experiments were run to determine wicking rates in screens ,  
vapor ingestion and draining of capillary devices and pullthrough suppression using 
screen baffles. The experimental program consisting of scale model non-cryogenic 
bench tests  was successful in providing correlations and verification of computer 
models and design techniques. 

Wicking tests  were conducted using horizontal screens with pentane and silicone oil  
as the working fluid. Results a r e  presented in the form of semiempirical correla- 
tions since tests did not agree with any of the three wicking models proposed. Spilling, 
vapor ingestion and draining tests were conducted using water and pentane using a 
scale model S-IVC transparent tank and capillary device. Results for  capillary device 
spilling and vapor ingestion were successfully correlated with the INGASP computer 
model while results of draining tests with a capillary device were correlated with the 
DREGS2 model. Pullthrough suppression tests ,  run in a cylindrical plexigl'ass con- 
tainer indicated the usefulness of screens in reducing vapor pullthrough. 

Testing conducted under a Convair IRAD program yielded screen flow data for dutch 
twill and square weave screens. Screen meshes used were 20 x 20, 200 x 1400, 
165 X 1400, 200 x 600, 165 x 800, 150 x 700, 180 x 700, 50 x 250, 30 x 250 and 
20 X 250. Test  fluids were water,  liquid hydrogen, liquid nitrogen, gaseous nitrogen, 
gaseous hydrogen and gaseous helium. Results a re  presented in the form of semi-  
empirical equations in Reference 4-1, Section 2. 2 and Reference 4-2, since the capil- 
la ry  and packed sphere models proposed could not be accurately correlated with the 
test  data. 

The objective of Phase I1 testing was to verify analytical models - DREGS2 and 
INGASP, substantiate design principles -- screen pullthrough suppression and ernpiri- 
cally evaluate problems which could not be evaluated analytically - screen flow and 
wicking. Tes t  data correlations have been incorporated into Reference 4-1 in a form 
useful to the capillary device designer. 

4 .1  SCALE MODEL OUTFLOW TESTS 

4, 1,1 INTRODUCTION, Minimization of residuals and control of vapor ingestion and 
spilling a r e  importmt considerations in design of a capillary device, The analytical 
models formulated into the INGASP a id  DRE =2 corn puter programs were developed 
to handle these problems, To assure the accurate predictive capability of the com- 
puter models a transparent scale model S-IVC tank and capillary device were designed, 
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fabr ieakd and tested to obtain data which was successfully correlated with the 
ayialyses . 

The test  article was designed to provide visual data on liquid 
levels, vapor and liquid flow and to assure  that correlations obtained would be applic- 
able to the S-IVC LH2 full scale tank and capillary device. Screens, fluids and capil- 
la ry  device geometry were scaled from the LH2 case, while the test tank was a Cen- 
taur  scale model tank modified with a pressurant baffle, capillary device supports 
and scale model S-IVC aft bulkhead and engine feedline. Tests conducted with pentane 
and water were visually recorded fo r  a range of outflow rates using a high-speed 
motion picture camera. F o r  each of the tests the film was observed on a Vanguard 
motion analyzer and data was compared to computer runs which modelled the tests. 
The agreement between the test data and analytical predictions corroborated the use 
of the DREGS2 model for  predicting residuals and the INGASP model fo r  predicting 
spilling and vapor ingestion in tanks containing capillary devices. 

4.1.3 EXPERIMENT DESIGN 

4.1.3.1 . The test article was designed to simulate the geometry 
of an S-IVC tank and capillary device. A scale model Centaur tank, shown in Figure 
4-1, was modified as shown in Figure 4-2. The dimensions of the capillary device 

130" and aft bulkhead were scaled linearly in ratio to the tank radius, - . The capillary 
6 

device assembly and construction details a re  shown in Figures 4-3 through 4-8. The 
capillary device was a 120" annulus section with a triangular cross section, consisting 
of c lear  plexiglass sheets with cutouts in the ends and the inboard side which a r e  
equipped with capillary screens. The outlet tube is engaged with an "0 " ring sea l  in 
the test  housing and the reservoir  was attached to the housing using four angle clips 
and screws. 

Fluid Section 

Pentane was selected as the working fluid by comparing pressure drop with nine differ- 
ent dutch twill screen meshes and all feasible working fluids, with the pressure drop 
of LH2 using 200 X 1400 screen. The mesh used in the model was 200 X 600 screen. 
(Pentane is an excellent wetting fluid and was also selected for  the wicking tests due 
t o  its fluid and thermal properties. ) Also taken into account was the surface tension 
retention capability of the screen mesh. 

The test  article plumbing design is as shown in Figure 4-9 with a regulator controlling 
tmk pressure within . I  psi  during outflow, The actual test configuration is shown 
photographically i n  Figure 4-10, 
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$,I, 4 TEST PROCEDURES, After calibrating the test tmbr and capillary device by 
adding measured amounk of water and memuring the height vs, volume, the tes t  
tank was hydrostatically tested with water &ove 75 psig, 

All outflow testing was initially run with water and then repeated with pentane, This 
was done mainly to check out the apparatus and test  procedures prior  to running with 
pentane. The runs fo r  both fluids were recorded on film and correlated with INGASP 
and DREGS2. Runs were repeated for  all capillary device tests with the camera  
viewing the side and front of the tank. Outflow tests without the capillary device 
installed were run in order  to obtain pullthrough correlations for  use in the computer 
models. 

F o r  the residual tests the S-IVC scale model tank was filled to approximately the 
middle of the tank through the capillary device. The filling process was carr ied out 
by flowing incrementally, allowing the liquid level inside and outside the devices to 
equalize before adding additional fluid. When the level went above the capillary 
device the filling rate was increased and carr ied out in a continuous manner. This 
procedure prevented vapor from being trapped in the capillary device during filling. 
When the tank was filled to the required level, the test tank vent valve was closed, 
the f i l l  line valves were closed, and the catch tank vent valve was opened. The 
pressure regulator and flow throttle valve were s e t  to desired levels and the motion 
picture camera  and timer were prepared fo r  start-up. The head of liquid was smal l  
compared to the relatively uniform gauge pressures used for  each run; thus, the 
flow ra te  was constant once the initial s t a r t  transient period was past. Flow rates 
were measured visually using the volume calibration. The initial s t a r t  transient 
was measured a t  each gauge pressure setting used in order  to determine the flow 
ra te  transient during the spilling and vapor ingestion tests. For  the residual tests 
the tank was drained until vapor pullthrough occurred. 

F o r  the spilling tests the tank was filled above the capillary device and then the tank 
fluid was drained from a drain line in the bottom of the tank, leaving the taili empty 
and the capillary device full. Because of the smaller  volume flowing during these 
tests,  the camera  speed was increased substantially over the residual tests. The 
outflow procedure was then similar  to the residual tests, 

4.1.5 TEST EVALUATION 

Outflow tests for  the S-lVC model. with no capillary device were evaluated, The 
objective of the tests ,  run with water and pentane, were to evaluate vapor pullthrough 
during the draiizing under realistic outflow conditiom, 



One equation fo r  predicting pullthrough is 

where Q is  the outflow ra te ,  hc is the height of the interface at the tank wall when 
vapor enters the tank outlet, and g is the gravity. This equation applies when hc >> r ,  
where r is the outlet radius. 

The other equation fo r  determining hc, when r >> hc is 

Neither of these equations is valid when hc N r, as anticipated in many vehicle drain- 
ing applications. F o r  example, for the S-IVC mission LH2 draining, equation 4-1 
predicts hc/r = 2.3 while equation 4-2 predicts hc/r = 2.9. Since hc >> r usually 
implies hc > l o r ,  neither equation applies to this case. More significant differences 
in hc can be obtained than indicated by this example, as illustrated by the graphical 
representation of the two equations in Figure 4-11. Data points obtained for  the S-IVC 
scale model tests indicate that the case of hc - r falls between the two equations. The 
trend of the data, at high hc is to approach equation 4-1 while at low hc the data should 
approach equation 4-2. This i s ,  in fact, the case, indicating the data can be used to 
predict pullthrough when hc - r ,  in the low surface force regime. 

Empirical correlations were developed from S-IVC data for  surface height a t  pull- 
through and interface shape at pullthrough. Data from Figure 4-11 yielded a correla- 
tion for  pullthrough height for  both water and pentane data. This equation is  
~ ~ / ~ h ~ o r ,  p )  = C, where Q is the volume flow ra te ,  g the gravity level, hc is the 

height of the surface a t  the tank wall at inception of pullthrough, and ro is  the outlet 
radius. or, p and C a r e  empirical factors defined by, a = 3 + (hc/r)l/lO, a. 5 ,  
0 = 2 - (hc/ro)l/lO, 2 0, and C = 11.8 - 2.65 (hc/r)l/lO. This correlation is 

designed fo r  hc - r and to also agree with equation 4-1 for  hc >> r and equation 4-2 
f o r  hc << r. Interestingly, there is divergence between water and pentane data which 
is proportional to the fluid density. Since this is not predicted by theory, the equa- 
tion shown here represents a fit of both se ts  of data without including the density cor- 
rection. This equation was then used to correlate spilling and residual tests, 

I n k d a c e  shape was plotted for  each of the S-IVC outflow test  runs in the form of 
y/he vs, r/ro where h, and ro a r e  as previously defined and y and r are the eoordin- 
a k s  of the interface, An empirical equation which p r o ~ d e d  a good f i t  of the data is 
given by: y/hc = ( r / r o ) a  1.37' - 0.56 for  both water and pentane tests. This informa- 
tion i s  useful in retarding pullthrough with screens and baffles, 
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Spilling and Vapor Ingestion Tests 

Some difficulties were initially encow~tered in evaluating these tests because the 
bubble point of the side screen exceeded that of the top screen. This was not expected 
because Western Fi l te r ,  the capillary device fabricator,  had been instructed to make 
the top standpipe screen have a lower bubble point than the side screen, This would 
have caused vapor to initially break through the top screen rather  than the side screen 
as evidenced in the water checkout tests. The screens were replaced prior  to pen- 
tane testing which apparently alleviated this bubble point problem as evidenced by 
the visual data from the pentane tests. This replacement of screens was made after 
the silicone adhesive used for  the water tests  was attacked by the pentane test  fluid 
during initial spilling runs. A more compatible adhesive was used with the new 
200 x 600 screens for  the remainder of the pentane tests. Realizing the difference 
between the relative bubble points of the top and side screen for  the water and pentane 
tests run, allowed the test results to be more clearly understood. Using flow rates 
f rom the initial s t a r t  transients of the residual tests ,  empirical pullthrough correla- 
tions previously cited, and test model geometry and fluid properties,  the computer 
model was run and correlated with the test data. The computer model predicted the 
time from s ta r t  of outflow to vapor pullthrough within 10% of test results for  the 
three pentane test runs. These runs a r e  correlated in Figure4-12. Flow ra te  pro- 
files a r e  shown in Figure4-13. The low rate runs were modelled as initially having 
spilling from the capillary device with vapor ingestion occurring when the liquid 
level dropped below the side screen. Increased top screen pressure drop in the 
highest flow case prevented the initial spilling. This was substantially corroborated 
with visual observation. 

The preliminary checkout runs with water were adversely affected by the bubble 
point problem. Vapor entered the capillary device at the point of highest bubble 
point which was apparently directly opposite the outlet. This allowed vapor to  
directly enter the tank outlet causing liquid to be drained slowly from the s t a r t  basket. 

Residual Tests 

The DREGZ program was used to correlate the scale model S-IVC residual tests. 
Results of both water and pentane tests were compared with the program predictions 
on the basis of the time between the liquid level inside and outside the tank being at 
the top of the capillary device and the occurrence of vapor pullthrough at the outlet, 
The agreement was within 10% fo r  the pentane test runs, Agreement was slightly 
worse f o r  the water tests, This correlation is  shown graphically in Figure4-14, The 

differences between the test data and model were believed to be due to visual inaccur- 
acies in reading the test films rather  than any problem with the computer model, 
With the water tests the additio~lal bubble point problein, mentioned in the previous 
p a r a r a p h s ,  accom~t': for the ir~ereased divergence between test and theory, On the 

basis of this test data correlation, the DREGS2 program was used to analyze S-IVC 
LO2 and LHZ capillary device draining presented in Section 2, 2, 
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P ullthrou& Suppression Tests 

A simple ser ies  of tests were designed t~ w s e s s  the feasibility af using screens to 
suppress pullthrough in a draining tank. The tests were performed using water and 
freon and dutch twill and square weave screens in a cylindrical tank with a centered 
outlet. Tests illustrated that screens can reduce pullthrough height by greater  than 
6 0%. 

Theory - 
The surface tension retention pressure of a screen may be used to r e s i s t  vapor pull- 
through as explained in Section 2. 2. This retentive capability coupled with the 
straightening of the flow due to the presence of the screen should reduce pullthrough 
height subs tantially. 

4.1.6 EXPERIMENT DESIGN. Tests were designed to examine several  combinations 
of fluids and screens for  evaluating pullthrough suppression. The plexiglass tes t  tank 
shown in Figure 4-15 was designed s o  that screens could be stretched across the 

P LEXTGLASS 
TANK TIMER 

VENT - fl 
CAMERA 

FLOW REGULATING VALVE 

PINCH SHUTOFF VALVE 

- COLLECTOR TANK 

Figure 4-15, Cylindrical Outflow Test Schematic 

bottom of the tank and sealed with gaskets, The gasket t h i e h e s s  w m  adjusted to vary 
the height of the screen above the outlet, Flow rates were varied from run to run by 
d jus t ing  a valve at the collector tank, shov~n schematically in Figure 4-15, Flow 
rates and heighb a t  pullthrough were measured from higl~  speed motion pictures of 
the tests. 



4,1,7 TEST PROCEDURE, The test  tank was filled from the top using a stainless 
s teel  bucket containing distilled water o r  Freon TF,  'The vent w a s  used to remove 
vapor which was trapped wderneath the screen,  however, some vapor remained at 
the s t a r t  of a run. This vapor did not affect test results since it  was expelled through 
the outlet well before the f ree  surface approached the screen. The liquid in the tank 
was allowed to se t  until the rotational vortex inducted by filling the tank had subsided. 
The regulating valve was then s e t  and the shutoff valve opened with the motion picture 
camera and timer turned on. The camera  was shut off af ter  vapor entered the outlet 
f rom the f r ee  surface. 

Runs were made initially with 400 X 400 mesh screen to check out the apparatus. 
Runs were then made with water with no screen,  165 x 1400 screen,  and 200 x 1400 
screen. Subsequent freon runs were also made with no screen,  165 x 1400 screen 
and 200 x 1400 screen, The 200 X 1400 screen height was then adjusted to lower 
positions including the lowest point, with no gasket, and runs were made with water 
and Freon. 

Tes t  Evaluation 

Cylindrical outflow tests were evaluated, with and without screens for  both water and 
Freon. Pullthrough was experienced a t  hc as high as .60 inches with both water and 
Freon TI?. Several screens ,  including 165 x 1400 and 200 x 1400 were placed at 
heights varying from .23  to . 30 inches above the outlet. At flowrates s imilar  to 
those run without a screen,  no pullthrough was visually observable above the screen 
with either screen in place using either fluid. This i s  consistent with calculations 
made using screen pressure drop correlations and interface shape during draining 
based on equation 4-2. 

4.1.8 CONCLUSIONS AND RE COMMENDATIONS. It  appears that the analysis sug- 
gested in Section 2.2 can be used to s ize  screen baffles fo r  resisting pullthrough. 
since screens serve  as flow baffles in retarding vapor motion in a manner s imi lar  to 
an unperforated baffle, i t  is  suggested that the additional attribute of reducing velocity 
gradients in the flow will allow capillary ba r r i e r s  to reduce pullthrough more than 
solid baffles. I t  is recommended that additional testing be accomplished to compare 
the performance of baffles of screens in obtaining minimum pullthrough heights, 

4.2 WICKING TESTS 

4.2.1 INTRODUCTION. Fluid wicking along a screen is an important phenomenon in 
maintaining liquid a t  a screen when the screen is subjected to heating and consequent 
evaporation, Evaporation may eventually dry out the screen,  causing a loss of reten- 
tion capability m d  hydrodynmic failure of a capillary device, Wicking from a pool 
of liquid oubide the capillary device, as  in a ehmnel eoilecttor configuratii:n, i s  use- 
ful in replenishing liquid evaporated f rom the surface of the eapillary device witborrt 
causing vapor to form within the capillary device. 



4,2,2 SUMMARY, WieMng tests to simulate zero gravity wlcMng were designed to 
provide wieking ra tes  fo r  screens subjected to heating. The experimental method was 
dependent upon a thermal analysis of the wicking apparatus to determine the portion of 
heat applied from calibrated heaters which went into evaporating the test fluid. The 
evaporation ra te  was used to compute wicking velocities which were compared with the 
results of equations 2-1, 2-2, and 2-3 and the results of screen flow pressure drop 
testing carr ied out in the transverse direction. Wicking data was also obtained by 
visual inspection of the advancing liquid front in the screen as a function of time. 

Wicking in horizontal dutch twill screens can be characterized by the equation 

where A, is a dimensionless constant determined by the test data. The value of A, 
is  dependent upon the wicking direction with respect to the orientation of the warp and 
shute wires. Wicking was not evidenced in the square weave screens tested. 

4.2.3 EXPERIMENTAL METHOD. The wicking models which appeared promising 
were discussed in Section 2.4. The wicking apparatus is  shown schematically in 
Figures 4-16, 4-17, 4-18, and 4-19. A photograph of the apparatus is shown in 
Figure 4-20. 

The screen was kept in a horizontal position by means of the screws and clamps lo- 
cated on top of the fluid reservoir. The horizontal attitude of the screen was verified 
with a transit  periodically during the running of each screen specimen. 

Liquid was maintained at the top of the reservoir  by a burette which dripped fluid into 
the reservoir.  The atmosphere within the test enclosure was maintained saturated 
with pentane by wetting a blotter covering the bottom of the enclosure prior  to testing 
and by using nitrogen gas saturated with pentane in a bubble chamber to maintain a 
slight positive pressure within the enclosure. This saturated nitrogen was allowed to 
exit through a smal l  hole in the top of the enclosure. The nitrogen atmosphere was 
used to reduce any possible f i re  hazards presented by the evaporation of the pentane 
test  fluid. 

For  the wieKng runs with the heater in operation, the liquid was allowed to wick up the 
scree% and under the plexiglass plate which minimized convection heat transfer to the 
heaters, A guard heater  was employed a t  a similar  temperahre  to the main heater  
to minimize side heat Posses at the screen. The screen wm soft soldered to the 
copper heaters using a special fixture to minimize wicking of the solder along the 
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screen, The nonporous base of the calorimeter was  a c a rmd  sandwich of pelespan 
foam d i e h  ha3 l;hermocouple wires transmitted between the bond layers. The power 
to each heater was delivered across a ~ i e h r o m e  wire of calibrated fixed resistance, 
The main beater voltage was monitored with separate potential leads to determine 
power delivered to the apparatus, 

With the liquid at the screen-heater interface the power to the heater was slowly in- 
creased in steps allowing steady state conditions to occur between increments. When 
the liquid receded slightly from the screen heater interface and then remained as a 
stationary front, the evaporation rate was just balancing the wicking rate. This pro- 
cedure was repeated to higher heater powers, however, heat losses became excessive 
when the liquid vapor interface moved more than a few tenths of an inch away from the 
heater. 

Several runs were made by observing liquid flow, without heating, and recording dis- 
tance travelled vs. time. These results werc plotted and then graphically differen- 
tiated to obtain wicking velocity as a function of distance traveled from the reservoir. 

The screen meshes used fo r  testing with flow parallel to the warp wires were 400 x 400, 
40 x 40, 200 x 600, 165 x 1400, 80 x 700, and 30 x 250. Pentane flow was perpendic- 
ular  to the warp wires using silicone oil and 30 x 250 screen. Visual tests  were run 
with the 30 x 250 screen samples because heater power was insufficient to  evaporate 
wicking flow for  these runs. 

4.2.4 EVALUATION OF DATA. For  the tests using the heater to evaporate the 
wicking fluid, wicking rates were determined in the following manner: 

where 

A = 8wt Ah = enthalpy difference between test fluid at 

w = the width of the screen ambient and screen-heater interface 
temperatures, B T U / ~ ~ ,  

t = the thickness 

hfg 
heat of vaporization of test fluid at  screen- 

8 = the porosity heater interface temperature, B T U / ~ ~ ~  

L = 2 inches 

9 and t a r e  given in Table 2-5, Ref. 4-1 

QS9 the heat input to the screen must be determined by evaluating radiation, conduc- 
tion and convection losses from the heater and screen, 



The temperature of the pentme nitrogen e n ~ r o n m e n t ,  Ti, is the lowest temperature 
of the screela and is the temperature of the surrowrding environment, Assuming that 
the average temperature s f  the screen is Th 4- 'Ti 

2 

is the radiant heat loss from the screen where s and h a re  subscripts denoting screen 
and heat respectively. 

Conduction losses were considered between the heaters, through the phenolic s t r ip ,  
between the heaters through the foam, between the heater and the bottom of the foam, 
between the heater and the top of the plexiglass, and through the instrumentation wires. 

These conduction effects a r e  summoned QC = KA AT. Convection between the 
screen and plexiglass is assumed to be negligible. 

where & = the heat input to the heater = EI. 

V was then computed for each test point run. 
W 

4.2.5 INTERPEETATION OF RESULTS. Data was plotted in the form of velocity, 
VW, VS. distance for each screen as shown typical for a 30 x 250 screen in Figure 
4-21. As can be seen, the analytical models and the screen flow test data vary widely 
from the test results. The difference in analytical models and data is expected when 
considering the similar  deviation between the models and the screen flow data as ex- 
plained in  Reference 4 2 ,  Section 2.1, Screen flow test data does not agree with wick- 
ing data because the screen flow data is for flow normal to the screen. The flow 
parallel to the screen is  more restrictive than the flow normal to the screen. The 
equation which best represents the viscous nature of the flow is equation 4-3. For  
wicking parallel to the shute wires, values of A, a r e  presented below. 

Screen Mesh 



For wieMng parallel to the warp wires A, was found to be 555 for the 30 x 250 screen. 
t e shd  with Dow Corning 200 Silicone Oil, Tests indicated that, in the meshes corn- 
mereidly  available (including 400 X 400 mesh), square weave s ereens do not wick, 

4.2.6 CONCLUSIONS. Wicking is a relatively low flow rate phenomena even in zero 
gravity, however, for  relatively low heat flux conditions wicking flow can effectively 
be utilized to prevent screen drying and vapor formation. Replacement of evaporated 
fluid can be calculated by inverting equation 4-4 to solve for Q ~ .  

I--'-'-- f = a / ~ e  + @ ,  a =2.49,  @ = .3 

2 "  " -  -Armour and Cannon Dg, a = 8.61, @ = .52 

. 3 - - -- - Simplified Capillary Model 

4 - -  A m u r  and Cannon, DA, a = 8.61, @ = .52 

5 A - ,Wicking Data 

6 ' - - -  Capil lary Model Including Drag Terms 

7 -----  Based on A 130, A2 = 12 From 

Screen El;w Data 

P i p r e  4-23, Typicd WicEng Baka With Pre&ctive Models 
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DETAILED DESIGNS 

5.1 S-IVC FUEL START SYSTEM DESIGN 

1. Start Reservoir 

2. Collector System 

3. Outletductaccessories.  

The basic parameters, ground rules and overall arrangement for the reservoir  a r e  
shown in Figure 5 -1 . The heat exchanger systems for the above area  (including 
interconnections) a r e  shown on the Figure 5 - 2 schematic. Figure 5-3 and5-3A 
schematics a re  extensions of Figure 5 -2 which shows the detail circuitry for  the 
reservoir heat exchanger elements using ser ies  and parallel arrangements. 

The fuel s tar t  basket is a 200 ft3 annulus type reservoir  which is profiled to fit  with- 
in the envelope generated by the SIVB fuel tank wall and intermediate bulkhead. The 
complete assembly is a 120" annulus section and includes provisions for intercon- 
necting with the 11-inch fuel tank outlet, an access opening at  the outlet a rea ,  ex- 
ternal capillary screens,  heat exchanger coils attached to the exterior surfaces, and 
a removable internal gas deflector screen. 

The reservoir is supported from the SIVB fuel tank wall and is subject to an exter- 
nal pressure on al l  surfaces; an external loading on the forward surface due to fluid 
impingement; and forces due to acceleration and vibration. The flat surfaces and 
the profiles which have large radii a r e  sensitive to pressure gradients and there- 
fore must incorporate a stiffener system. A se r i es  of perforated bulkheads (shear 
panels) interconnected with skins and stiffeners was selected a s  the basic structural 
arrangement. Other structural methods a r e  discussed in the oxidizer tanker section. 
The system is similar  to the skin stringer frame designs used in aircraft. A basic 
s t r ess  analysis was conducted for  primary members, detailed design drawings cre-  
ated, and a weight breakdown generated. A complete structural investigation is out- 
side the scope of this effort, therefore assumptions were made which would simplify 
the calculations and give results which a re  reasonably close to what may be expected 
from a comprehensive effort. 

'The heat exchanger coils on the basket surfaces a r e  supplied -with fuel f roni a collec- 
tor system mounted on the inside wall of the fuel tank. A schematic for the overall 
system is shown in Figure 5 - 2 . Additional drawings describing physical plutnbing 
interconnections and relative locations a re  included. 
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The outlet duet accessories are those items associated with the beat exchangers, 
gas/liquid intedace screen, fittings fo r  assembling the system and a relief circuit 
for the domstream side of the screen (see Figure 5 -1 for schematic). Detail draw- 
i q s  were generated for h o  gas/liquid interCace locations and the a&antages and 
disafZvantages of each outlined, A detailed weight analysis for the accessories is 
included. 

5.1.1 RESERVOIR STRUCTURE - A typical cross section showing the primary struc- 
tural components and heat exchanger tubes are  outlined in Figure 5-4. Figure 5-4A 
shows the tube locations for the Figure 5-3A series circuit. The fuel tank outlet elbow 
is included for identifying the interface problems. The reservoir i s  subject to exter- 
nal pressures, accelerations, and vibrations and therefore must reflect a framework 
for resisting the loads separately o r  in combination. Basically the assembly consists 
of six flat panel type bulkheads (shear panels) interconnected with stiffener rings and 
skin sections. "ZV shaped stiffeners a re  used on all faces. The forward wall of the 
reservoir is flat and equipped with four 120" circumferential ring sections which a re  
welded o r  riveted to the panel. Additional radial type stiffeners (one per compartment) 
a r e  located on the opposite face of the panel for reducing the span of the rings (see Fig- 
ure  5-1. The forward panel is  therefore divided into ten rectangular areas per com- 
partment (50 total). Heat exchanger tubes equipped with webs a r e  located between each 
"Z" ring which provides additional panel stiffness. The tubes a r e  attached by seam 
welding the flat strips to the mating surfaces. The design shown in Figure 5-4 assumes 
that the tube and web are  extruded as one unit. An alternate method uses standard 
tubing which i s  dip brazed to the strips (see Figure 5-1-A). 

The compartment formed by the two shear panels at  the outlet requires an access 
opening to perm it attaching the reservoir to the SIVB interface and for installing the 
internal deflector screen, The access hole intersects two stiffeners which m ust be 
discontinued at this area and a system of re-enforcement rings and doublers added 
at the opening. The heat exchanger tubes are locally routed around this zone. 

The outboard cylindrical section of the reservoir requires five rings (frame sections) 
which are  located on the inboard side of the skin to prevent interference with the fuel 
tank wall. Heat exchanger tubes a r e  located on the opposite face (outboard side) and 
positioned between the stiffeners. Similar to the access area, the frames are dis- 
continued at the outlet opening and interconnected with the local re-enforcement net 
work. The outlet interface also includes provisions for mating and sealing with the 
fuel tank elbow which in turn would be reworked to include a flange equipped with 
self-locking nut plates. A portion of the cylindrical surface requires an open area 
covered with capillary screen (wire cloth). The panel is perforated at these areas 
and the cloth applied over the surface (see Figure 5- 5 ) ,  The screen is  sealed a t  
the perimeter by seam welding (using a backup strip to the mating surface). The 
heat e x c h a ~ e r  tubes required on the capillary surface are  seam vselded to the screen 
and the panel (see Figare 5- 5). The webs on the tubes aek as badcup strips, In 
some  cases the backup strip s h o w  for the perimeter welds may be replaced with 
the tube asseinbly providiry; the heat transfer distribution requirements are met. 
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The inboard surface of the assembly is profiled to follow the contour of the SEVC 
intermediate bulkhead, Similar to the outboard cjrlindrical section, the stiffeners 
and heat exchanger tubes a r e  placed on opposite sides of the panel, Most of the tubes 
are positioned betweer, the f rames  to prok7ide additional stability tc? the sheet metal 
areas. 

The four shear panels inboard of the end faces a r e  perforated to allow flow between 
compartments. The two additional bulkheads which form the end closures contain 
open a reas  equipped with screen which will be discussed later. Each panel is attached 
a t  the perimeter to the mating skins and rings using angles and rivets (see Figures 
5 - 5 and1 5-6). An intersection between stiffeners and panels is formed which can be 
accommodated by slotting the bulkhead (using perimeter angle sections) or  discon- 
tinuing the rings a t  each panel. Either case would require the use of intersection 
clips which interlock the mating parts. The large area  of the bulkheads coupled with 
perforations dictates the need for  angle stiffeners oriented parallel to the forward 
face and positioned in line with the surface rings (see Figure 5-4 ). The angles a r e  
riveted to the panels and interconnected a t  the ends to the perimeter members. 

Three primary corner rings a r e  required a s  shown in Figures 5 -4 and 51- 5 . The 
aft and inboard rings a r e  channel shaped members connected to each shear panel 
assembly using corner fittings, offset flanges, etc. The outboard unit is an angle 
(equal legs) attached in a similar  manner. Support fittings a r e  required at  each bulk- 
head (see Figure 5-6 ). The inboard fitting is a tee cross  section member bolted 
to the shear  panel perimeter angles and the corner ring. The outboard support 
fitting has two legs for  attachment to the ring and the bulkhead angles. The boss 
section of this latter fitting is configured to mate with a clevis type pick-up from the 
fuel tank wall. 

The end surfaces of the assembly a r e  formed with two flat shear panels partially 
perforated, and equipped with wire cloth, heat exchanger tubes and stiffeners (see 
Figure 5 -7 ). The angle o r  "ZB%tiffeners a r e  spaced over the entire surface in- 
cluding the areas  equipped with screens. Attachments between screen,  stiffeners 
and panel a r e  accomplished with seam welding. Rivets can be used in those regions 
outside the screened surfaces. "Z" section members for the forward region of the 
panels a r e  recommended due to the long spans. At the short span aft regions, the 
cross  sections can be reduced to simple angles. 

A deflector screen is required over the outlet a rea  (see Figure 5-8). The assembly 
is a flat rectangular perforated panel containing a perimeter frame, interior stiffen- 
ers and wire cloth which covers the entire surface. Shelf angles attached to the out- 
board reservoir  wall, and to the two bulkheads, provide the support and fasteners 
for the unit. The fourth side is attached to an inboard panel ring. A one piece unit 
can be detached from the supports and moved within the compartment to allow access 
to the outlet interface. A second approach uses a four piece deflector which can be 
removed through the access openiw, The latter rn ethod is recorn mended, Attach- 
ments between screen, frames, and stiffeners are  similar t~ that described ear l ier ,  



5.1.2 RESERVOIR SUPPORT SYSTEM --- The reservoir asxerurbly is  subject to a 
uniform pressure over &e forward panel area  plus loading due to the weight of &e 
mike F i ~ r e s  5-9 and 5-10 outline the methods, qbiianLity of support points, and the 
force relations. The loads a r e  reacted from the fuel tank wall only using adjushble 
tubular struts and fittings located a t  each shear panel. The pressure load on the for- 
ward panel is absent when the acceleration value is a t  a maximum, therefore the mass 
of the unit i s  the prime factor at  this mode. When the uniform load is acting, the 
acceleration load is minor. This latter condition appears to control the design. 
Additional loads due to vibration, slosh, and lateral accelerations a re  present but 
a r e  considered to play a minor role relative to overall external loading. The attach- 
ment at the fuel outlet projects additional redundancy into the system which requires 
special attention. 

5.1.3 COLLECTOR SYSTEM -- The primary components of the collector system a re  
three tubes attached to the fuel tank wall and extending from a station near the for- 
ward face of the reservoir to the forward end of the tank bulkhead. The tubes a r e  
spaced 120". Construction, quantity of supports, and type of fittings are  shown in 
Figures 5-11 and 5-12. A typical assembly is a perforated tube covered with a cap- 
illary screen. The wire cloth section i s  fabricated separately a s  a tube, slipped over 
the perforated member and seal-welded at the ends. Screens and perforations a r e  
discontinued at the support points. The perforated tube therefore acts a s  a beam sup- 
porting the wire mesh. 

The sections between supports a re  basically simply supported beams subject to vibra- 
tional modes, acceleration and slosh modes. A trade-off exists therefore between 
quantity of supports and tube diameter. For this effort, a two-inch diameter with a 
three foot span was selected. One support method shown on Figure 5-11 uses tee 
fittings welded to the tank wall. The tubing in turn is attached to the fittings with 
standard clamps. This method is simple, allows for misalignments, but lacks stiff- 
ness at planes 90" to the attaching surfaces. This latter feature may o r  may not be a 
disadvantage depending upon final loads analysis. A second support method offered 
in Figure 5-12 reduces the tank wall to centerline distance and provides an increased 
load capability. The arrangement consists of a webbed yoke mating with a cap section. 
The web section of the yoke is attached a t  two points to a fitting welded at  the tank 
wall. The diameter formed by the yoke and cap would be sized to prevent a clamping 
action on the tube, therefore providing restraint in all radial directions while allowing 
axial motion. The "yoke/captt method is more complex than using the standard clamps 
but may be required for certain loading conditions. 

5.1.4 HEAT EXCHANGER PLUMBING - The external surfaces of the reservoir a re  
equipped wiLh heat exchmger tubes which must be interconnected to form circuits 
which a re  compatible with the overall system, F imre  5-93 shows a plumbing arrange- 
m a t  which uses three ma&fslds at each end panel for serving the forward, outboard 
and inboard panel tubes, The configuration is for the parallel set up shown in the 
Figure 5-3 schematic, 
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Each manifold is an assembly of elbows, tees and short straight sections which in 
turn a re  welded to the tube ends. The m a d o l d s  a re  intercomected to common inlet 
and outlet lines which interface with other system components. The plumbing net- 
work is spaced from the end panel surfaces to allow use of the portable orbit a rc  
welding process and for inspection. Supports can be provided from the end panel stiff - 
ener members using angles, tees and standard clamps. The Figure 5-13 approach 
can also be applied to other circuit arrangements such a s  all series o r  a combination 
of parallel and series. For  example, those tube sections requiring a series 'hook- 
up" would reflect 180" bend fittings. 

The end panel surfaces a re  also equipped with heat exchanger tubes which must 
interface with the system. Figure 5-14 shows an arrangement using two manifolds 
and the location of the components relative to the preceding assembly. The tubes 
are spaced from the panel surfaces and adjacent members to allow access for welding, 
inspec tion, and assembly. 

The inlet and outlet interfaces of the reservoir heat exchanger system are  attached 
to a throttling device and to the outlet duct exchanger. A plumbing arrangement is 
shown in Figure 5-15 which mounts the throttling assembly on a forward panel 
stiffener and routes the outlet tube from the exchanger circuit through a tank wall 
penetration fitting which is equipped with mechanical connectors, The upstream and 
downstream sides of the throttling package are  equipped with tube runs which con- 
nect to three terminals on the collectors and two on the reservoir manifolds. 

5.1.5 OUTLET DUCT ACCESSORIES - Heat exchanger tubes, a gas liquid interface 
screen, relief line, and a return line a re  required for the outlet duct which supplies 
fuel to the engines. A design is shown in Figure 5-16 which locates the gas/liquid 
interface upstream of the engine inlet area. The elbow section a t  the tank is alumi- 
num alloy which in turn i s  connected to the steel section of the duct with a mechanical 
joint, Each section is  equipped with heat exchanger tubes attached to the walls. A 
spiral pattern is  shown with the pitch dimensions decreased at the elbow and inter- 
face areas. Figure 5-2 schematic shows an alternate circuit when the fuel tank heat 
exchanger/pump package is  deleted. This would increase the number of coils on the 
duct. The tubes are  brazed to the walls. An alternate approach would be the use of 
webbed tubes (similar to that used on reservoir walls) installed as rings and inter- 
connected with jumper sections. The interface screen assembly consists of a tubular 
section which is  welded to the base of a wire cloth cone. The coupling ends a re  in 
turn butt welded to the duct sections. An outlet boss (provided downstream of the 
screen) is  plumbed forward through an orifice to a tank wall penetration fitting for 
relieving the pressure in the compartment aft of the sereen, This outlet boss can be 
part of the coupling or  installed separately in a duck. s e e ~ o n ,  Bo& the heat exchanger 
r e h m  and the relief tubes a r e  supported From the duct using local clips welded to the 
sa%l and standard clamps, 
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The Figure 5-16 arraqement  minimized the amount of feed duct rework and over- 
all complexity since the syskm dms not span the gimbal duet section, Gases may 
develop however h i c h  require a gas liquid interface location a t  or  near the e q i n e  
i d e t  which is shorn in Figure 5-1 7, The existiw gimbal duct section is an assembly 
of fla%es, bellows and external yoke type devices for stabilizing the bellows column. 
A heat exchanger i s  required a t  this dynamic section since the interface screen is 
located within the envelope. The simplest approach is shown which applies heat ex- 
changer coils at  the flanges only. Flexible connections between the coils would be 
required in the form of flex loops o r  hoses to accommodate the bellows motions. A 
second method is to jacket the bellows sections using the volume between jackets a s  
the heat exchanger. This latter method would require redesign of the gimbal duct 
assembly. The Figure 5-17 arrangement also assumes heat exchanger provisions 
on the pump inlet housing in the form of coils o r  integral passages. Routing of the 
return and relief lines is similar to the Figure 5-16 design except flexing pro- 
visions must be included for the engine gimbal motions. 

Considerable duct rework and general complexity can be expected for the Figure 5-17 
configuration. If jacketed bellows a re  used, the envelope for the gimbal duct changes 
which in turn may interfere with adjacent equipment, increase the bellows spring 
load on the engine inlet and possibly move the station location of the engine. If heat 
exchange i s  applied at  the flange areas only, flexing of the interconnecting jumpers 
plus increased complexity of the flanges must be considered. Propellant flow prob- 
lems may be encountered when using screens for gas liquid interfaces. If valves a re  
substituted for the screens, weight penalties and additional subsystems can be ex- 
pected. 

5.1.6 WEIGHT ANALYSIS -- A detailed weight breakdown for the reservoir is shown 
in Figures 5-18 and 5-19, -20 and -21. A summary includes all structural members, 
support fittings, struts, manifolds, heat exchangers, re-enforcements, screens, 
and miscellaneous fasteners and clips. Basic dimensions a re  shown for most com- 
ponents. Weight comparisons are  noted for the heat exchanger tubes involving series 
and parallel circuits. Due to the depth of the analysis, a 5% contingency factor was 
used instead of the previous 10%. 

The weight summary for the collector system i s  Shown in Figure 5-22 and includes 
supports and fasteners for the tube assemblies. The tube manifold allowance is  that 
section of the circuit which interconnects the collectors and routes to the throttling 
device located on the forward panel of the reservoir. 

The feed duct manifold accessory weight is shown in Figure 5-23 which includes all 
heat exchanger coils, interface screen fit;i;ings, and attachments. An additional 
allowance is indicated when considering an interface location near the engine inlet. 



LINES REQUIRE FLEXING 
PROVISIONS FOR 
ABSORBING GIMAL 

DUCT WALL 
HEATEXCHANGER 

HEAT EXCHANGER COILS 
ON EA. FLANGE O F  GIMBAL 
DUCT ASSYa 

GIMBAL DUCT ASSY 

GAS/LIQUID INTERFACE SCREEN 

HEAT EXCHANGER COILS 
ON PUMP INLET HOUSING 

ENGINE INLET FLANGE 

*ALTERNATE - USE JACEXTS ON GIMBAL DUCT BELLOWS 
AND CONVEY GAS THROUGH THE ANNTJLUS, WOULD REQUIRE 
REDESIGN O F  GIMBAL DUCT,  

Figu~;.e 5-17, Feed Duet ~ecessories/~4iternate Sereen Location 

5-25 



* 4 24tf 170R liEKPES CIRCUIT USING 
1 '2 0. lj. K 030 'TUBES 

b 

I T E M  I WT,  IBX 

I. WD P A N E L  STIFFENEi3  RINGS .-- 14.94 --_- 

- .*- FWD. 

LOCATED @ 
INBOARD 

FWD CORNEA RING CORNER 1 3. 30 

REMARKS 

4-120° RING 
SECTIONS 
830" LGT. TOTAL 

RING REINF, 
P A N E L  DOUBLER5 & 
COVER RING 

5 @ 55" LGT E A  

830" LGT TOTAL - 
272" LGT 
1 REQ'D 

157" LGT. 
1 REQUIRED 

272" LGT. 
1 REQUIRED 

Figure 5-18. Weight E stirnate/'%;"uel Start Basket 



F W D  P A N E L  , 

.*, - 
INBOARD 
P A N E L  ** 6 *  12# - 

TUBING 

ITEM 

-2.50 
A F T  CORNER RING 

INBOARD P A N E L  

INBOARD PANEL STIFFENER RINGS 

:NBD. P A N E L  HEAT EXCHANGER 

kS5'0"' . 07 0 GA. 
;.t:4;* 

,j- P E R F O R A T E D P A N E L  
INTERIOR SHEAR PANELS 

PORTION O F  P A N E L  
P E R F O R A T E D  

CND SHEAR PANELS 

~CREEN-FOR Em PANELS 

11" DIA. O U T L E T  

15 REQD. @ 351, 239 
222,  209 & 184 I t  L G  
RESPECTIVELY. 

7 REQD, 
1534" TOTAL LGT,  

REQD. 
040 EQUIV. GA. 

REQD. 

C O N T I W E D  ON N E X T  PAGE 
F f p m  5-19, Fuel %a& Basket Weight Estimate (Coatlnued) 



F W D .  P A  

SHEAR PANELS 

DEFLECTOR SCREEN 

2 @ 10" LGT. 

STIFFENERS 

CONTB\llUED ON NEXT P A  GI3 

Figure 5-20. Fuel Start Basket Weight E stimate (Continued) 



F W D  P A N E L  
-3 

SHEAR PANELS 
:b 1, 30# FOR SERIES 

INBOARD PANELS CIRCUIT USING 112 0- D, 
x 030  TUBING 

I- DEFLECTOR SCREEN 

. 030 EQUIV. GA. 

TOTAL (ALL FIGURES) 

5% CONTINGENCIES 

GRAND TOTAI, 

-- 

Figure 5-21. h e 1  Start Basket Weight Estimate (Continued) 



ITEM 

:%4* 2 3 #  FOR SENES 
CIRCUITS USING 
I/2 O,D, X .030  TUBES 

COLLECTOR 
TUBES ( 3 )  

BASIC MATIL.  : AL. ALY. 

PERFORATED SUPPORT TUBES 

SCREEN TUBES 

k-l.4 TYP 
TANK WALL FITTINGS * 

CLAMPS 

FASTENERS 

MANIFOLD TUBING 

WT. LBS 

TOTAL 

REMARKS 

2. 00 0. D. X . 030 X 36 
F T .  

3 PIECES 

2.00 I. D. X 36 F T .  
3 P I E E E S  

. 0 5 3  # /FT 

36 REQ'D. 

36 REQ'D, 

AL. ALY. 

10% CONTINGENCIES 

Figure 5-22, Weight Estimate Fuel Collector Tubes, 



F W D  

GASILIQUID INTERFACE 
SCREEN 

FOR CASE WHICH LOCATES 'THE 
SCREENING A T  THE ENCINE: 
INTERFACE,  ADD 4 . 8 0  LBS  TO 
THE TOTAL SHOWN BELOW 

REMARKS 

O.D. X . 030  

AL. ALY 2. 10 

R ELIEF  LINE 1 250" LGT. 

-*- CRES 

SCREEN ASSY. INCL. FITTING 

TOTAL 

i r101;, C OE\STL i9GE NC "s' 

Figure 5-23. Fuel Duct Accessories Wt. Estimate, 



5,1,7 STRUCT'URSIE ANALYSIS - A complete s t ruekral  malysis of the reservoir 
is  relatively complex due to the kteraetions beheen  circumferential and radial stiff- 
eners, panels, bdkheads, extermi attachments and the type of loading, therefore 
simplified approaches were used for  this study. For example, the circumferential 
stiffener ring sections on the forward panel are  actually continuous curved beams with 
rigid supports at  the shear panel locations, elastic type supports at  the radial stiffen- 
ers ,  and elastically restrained connections. A typical section of the beam between 
supports was isolated and treated a s  a simple supported member uniformly loaded 
(see Figure 5-24). This approach is conservative but is partially compensated for 
when considering details such a s  additional secondary panel stiffeners for vibrational 
modes, any special end connections, etc. which may become apparent under a de- 
tailed analysis. Due to the capillary screens, heat exchanger tubes and the general 
redundancy of the system, most structural member sizing was controlled by limiting 
the deflections. 

The forward stiffener system divides the panel into rectangular sections which are  
subject to a uniform load. These sections were treated as  rectangular plates with 
large deflections and held edges (not fixed). Figure .5-25 outlines the analysis, 
Similar to the beam problem, the deflection at the center of the plate was limited. 
Any benefit derived from the heat exchanger tubes was neglected since in a final de- 
sign all panel sections may not be equipped with tubes. 

The ring sections for the outboard panel were treated similar to that shown for the 
forward panel stiffeners. The load and span for this case i s  changed from the 
previous item. Figure 5-26 outlines the approach and estimates the cross section 
required. 

The primary bulkhead members (shear panels) are subject to the external loading 
system shown in Figure 5-27 . The problem therefore is primarily one of insta- 
bility. Since the panels are  perforated, an equivalent gage was used in the calcula- 
tions. Figure 5 - 27 indicates that the buckling s t ress  is less than the applied 
stress,  therefore a system of stiffeners is shown on Figure 5-28 . The areas framed 
by the stiffeners a r e  estimated in Figure 5-29 as rectangular flat panels loaded at at  
all four simply supported edges. 

Figure 5-30 outlines the approach used for the radial stiffeners on the forward panel. 
These a re  treated as uniformly loaded beam sections spanning between the outboard 
and inboard corner rings. A similar analysis is shown in Figure 5-31 for the pri- 
mary stiffener members used on the deflector screen assembly. 



The fomard  s t i f f ene r s  a r e  assumed as  beam per 
the load conditions of F i g e  A, 

The def lect  ion 

where 

W = 16.5 x 25 = 412# 
Figure A 

E = Modulus of E l a s t i c i t y  = 10 x lo6 

I = Cross Sect ional  Moment of I n e r t i a  

I f  the  def lect ion is  l imi ted t o  .10 inch 

An approximate s t i f f e n e r  f o r  t h e  above I value is  shown i n  Figure B. 

Bending moment 

= 1284 in .  
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Estimate. 



Tbe forward s i de  i s  equipped with st  i f  feaers  
which divide the surface into panels, Using 
t he  maximm s i z e  area  as shown i n  Figure A, 
the 

a s swing  a thickness t = -060 

= 169.8 

E = Modulus o f  E l a s t i c i t y  

= 10 x 10 6 

From t a b l e ,  

where 

S = t o t a l  s t r e s s  (bending + diaphragm) 

Therefore 

S = 
19.00 x l o 7  X t . 0 6 0 ) ~  

(11.00)~ 

= 5650 p s i  

Deflection y = t x 1.90 * 
= .060 x 1.90 

= .1140 inch 

y should not exceed t h e  value shown. 

.!- EDC;ES HELD I 
Figure A 

, 3rd Edi t ion ,  p, 2 2 1  and 222 

Figure 5-25, Forward Panel Estimate. 



Tbe outboa~d cumed pane% i s  s t i f fened  
with r ings which span the areas  between 
t h e  shear panels, Using the load 
condition of Figure A and assuming 
t h e  s t i f f e n e r  shown i n  Figure B, t h e  
def lect  ion 

where 

W = W  X L = 1.25 x 50 = 62.5# 
Figure A 

E = Modulus of E l a s t i c i t y  = 10 x 10 6 

I = Cross Sectional  Moment of I n e r t i a  of  S t i f fener  = .10 in  4 

5 x 62.5 ( 5 0 ) ~  
Y = -  

384 x lo7  x . l o  

- 3*90 .lo15 inch - x T =  
Bending moment 

Bending s t r e s s  

The def lect ion should control  t he  s t i f f e n e r  cross sect ion due t o  t h e  
presence of heat exchanger c o i l s  and screen on t h e  cy l indr ica l  surface.  

Figure B 

Figure 5-26, Outboard Cylindrical Seetior, Stiffeners. 



The 9/8 p s i  ex"cerm9 loading on t h e  surfaces 
causes an approx-te shear p n e l  l m d h g  
condition. show i n  Figure A ,  The expression 
for  e l a s t i c  i n s t a b i l i t y  of f la t  sheets in 
comparison is  

33, = 
-i; 2 

( 6 )  

where a 

Sc = compression buckling s t r e s s  

K, = buckling coeff ic ient .  

For a/b = 36/72 = .5 k-b=72 

K, = 10 (from curve p . ~ 5 . 3 )  Figure A 

k' = Poisson's r a t i o  = . 3  

t = ,040 a f fec t ive  gauge 

therefore  

= 27.9 ps i  

w = .125 x 48.0 = 6#/inch 

where 

48.0 = average length between shear panels, and 

.125 = t h e  external  pressure 

The applied compressive s t r e s s  

w 6 s f  = - = - = 150 ps i  
c t -04 

Since S, < Sd, s t i f f ene r s ,  increasing "t, I' o r  a combFnation of these  is 
required. 

Figure 5-27. Shear Panel Estimate. 
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If two stiffeners are used which divide "ce mneP1. into one t r i angula r  and 
ttro r ec t anmla r  areas (per Figure B), the dimnsions a and b fo r  the 
t x imgu la r  sec t ion  reduce' t o  20 and 40 respectively.  

= 90.5 p s i  which i s  l e s s  than t h e  applied 
s t r e s s  

It is recommended t h a t  s t i f f ene r s  be applied t o  the  
panel as shown i n  Figure C .  The location of these  
s t i f f ene r s  match t h e  panel r i n g  locations.  For t h e  
t r i angula r  section,  a and b then  become 10 and 20 
respectively.  

I f  t h e  guage i s  reduced t o  .030 

S, = 204 p s i  

commred t o  t he  applied s t r e s s  of 200 p s i  f o r  t = ,030. 

Affective t = ,040 is  recommended due t o  addi t ional  loads 
from vibration,  accelera t ion and t h e  1.50 p s i  ac t ing 
on the  forward panel. 

F i e r e  5-28, Shear Panel Estimate (Continued), 



I 
I When t h e e  s t i f f ene r s  a r e  used, rec"r;nmlar p n e l  
/ sectio~s are created with an approx-te load. 

condition per the  F i m e  B. The a ai b 
dimensions a r e  f o r  the  forward section of t h e  

, shear panel assembly. 

lWhen Sx = Sy, then the c r i t i c a l  Sx 
compressive buckling s t r e s s  

where 

D = flexure r i g i d i t y  = 
~ t "  

1 2  (1- r2)  

t = thickness = .040 

E = Modulus of E l a s t i c i t y  = 10 x 10 6 

= Poisson's Ratio = .3 

therefore 

and 
9 

M and n = number of half waves i n  t he  buckled plate i n  the  x and 
y directions.  For our case assume m = n = 1. 

There fore 

The applied s t r e s s  due t o  the 1/8 ps i  external pressure = 150 psi .  

* Theory o f  Ehs%e;le Sta5iSity, 2nd Edition b y  Timoshei jko, p 358 

Figure 5-29, Shear Panel Estimate (Continued), 



The fornard w e l  radial stiffeners reduce t h e  
s p n  of t b e  e irclxmfererrtial gleaabers by a t taching 
to the outboard and fnbsard corner r ings .  These W 
r a d i a l  members a r e  subject  t o  end react ions  
from t h e  circumferential  beams. The magnitude 
of t h e  load va r i e s  due t o  t he  tapered configura- 
t i o n  of t h e  panel. For est imating purposes, t he  
load condition of Figure A is  assumed. 

The t o t a l  load W = 412 x 4 = 1648# where t h e  FIGURE A 

412 is  t h e  t o t a l  load fo r  one 25 inch length 
circumferential  beam and 4 i s  t h e  number of beams. 

The def lect  ion 

where 

E = Modulus of E l a s t i c i t y  = 10 x 106 

I = Moaent of i n e r t i a  of t h e  beam cross sect ion 

I f  y is l imited t o  .20 inches 

The cross sect ion shown i n  Figure B is used. 

. LOO 

FIGURE B 

Figure 5-30, Forward Panel Radial Stiffener Estimate. 



The def lec to r  sereera asserabay is exposed t o  
3/16 p s i  pressure d i f f e r e n t i a l ,  The s t i f f e n e r  
system includes radial members subject  t o  t h e  
load conditions of  F i g x e  A. 

The def lec t ion 
2 

where 

W = 2.25 x 24 = 54# 

E = Modulus of E l a s t i c i t y  = 10 x 10 6 

I = Cross sec t iona l  mment of i n e r t i a  

If y is l imited t o  .10 

therefore  

FIGURE A 

Use Z o r  angle members equivalent t o  Figure B. 

FIGURE B 
F i w r e  5-31, Screen Deflector Stiffener Estimate, 



5-2 S-IVC BXXldIZER START SYSTEM DESIGN 

The follovviw analysis was conducted for the oxidixer start reservoir (inc Pu&gg an 
outlet screen and ta* waU heat exchawers) zad the oixtlet duct accessories, 
basic parameters, ground rules, and general arrangement are  shown in Figure 5-32, 
The external loading shown is considered an ultimate value which includes allow- 
ances for impact and margins of safety. The effort includes a basic structural 
analysis; detailed weight breakdowns for both the reservoir and the feed duct acces- 
ories; and a set of design drawings describing the structural arrangement, attach- 
ments, heat exchangers, and screened surfaces. 

The reservoir is a conical shaped member equipped with a cylindrical skirt which in 
turn is attached to a land section provided on the tank wall. The forward end of the 
conical section and the aft skirt a re  equipped with capillary screens which in turn 
are  supported by perforated sheet metal skins. Since the assembly is subject to 
external loading, vibration and acceleration, a stiffener system using rings and 
stringers a re  required. 

The outlet screen located aft of the reservoir assembly is a circular member sup- 
ported by a perforated diaphragm. The unit is attached to a land section integral 
with the oxidizer tank wall. 

Two heat exchanger coils (one located forward of the reservoir support area  and one 
positioned near the support area) a r e  required. These coils a re  webbed tubular 
members welded to the outside surface of the tank. 

The outlet duct accessories consist of heat exchanger coils, a gas/liquid interface 
screen, and interface tubes. A design drawing is included which outlines the hard- 
ware arrangements and relations to existing equipment. 

5.2.1 RESERVOIR STRUCTURE - The basic structural arrangement is shown in 
Figure 5-33. Four rings at the inboard side and 24 stringers on the outboard face 
provide the stiffener system for the sheet metal conical skin. "Zf l  sections a re  used 
for both the rings and the radial members. A ring located at  the forward end and one 
at  the base interconnect the stringers and the conical panel for resisting radial loads. 
A skirt section consisting of a perforated cylinder (one end flanged) is attached to the 
base ring and to the tank wall land. The perforated area is covered with a capillary 
screen. 

Figure 5-34 shows the basic geometry a t  the apex area and the attachments between 
the screen, ring, conical skin and radial stiffeners. The screen is a separate assem- 
bly consisti= of a pedorated support diaphragm seam welded to the screen using 
one back up strip. m e  assembly is riveted o r  bolted to the ring, The diameters 
of %e above wits could be illereased for accessability puqoses i f  required, The 
ra&al striwers, conical skin and an i&oard collar piece are riveted to the ring, 'The 
collar provides ad&tional c ross see tionral area for r e s i s t i e  the compressive loads, 
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Figure 5-32, Oxidizer Tank Reservoir General Arrangement 
and Design Ground Elules. 
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Figure 5-33, Oxidizer Reservoir Sructerrpdl Arrangement. 
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Figure 5-34. Oxidizer Reservo i r  Structural Dedails, 



The attachments between stgfenera, and the basic profiles are s h o w  in Figure 5-35, 
"ZgB type see tions a r e  used for bo& members wil;h riveted comeetions at  junctions 
P .. ~ o r m e d  by the flanges 2nd the skin, 

Figure 5-36 outlines the ring, cylinder, screen and heat exchanger coil a t  the aft 
end. The base ring is a channel shaped member equipped with a web for  attachment 
to the conical skin and to the stiffeners. One leg of the ring is attached to the ski r t  
section. The cylindrical portion of the assembly is a perforated sheet metal band 
equipped with a flange a t  the aft end and a capillary screen which covers the outboard 
surface of the perforated area. The screen is attached by seam welding to the for- 
ward and aft ends of the cylinder using back-up strips. A local ring type land equipped 
with tapped holes is provided in the tank wall for  attaching the reservoir assembly. 
The outboard face of this attachment zone is a ser ies  of local bosses for  the tapped 
holes. The heat exchanger coil required near the support zone is a single turn unit 
consisting of a tube equipped with 17 local web sections o r  tabs which in turn a r e  
seam welded to the tank wall. A second single turn coil located forward of this a r ea  
(see Figure 5-32 ) has identical attachment methods except a continuous web and seam 
weld replaces the local tabs. Jumper tubes a r e  used to interconnect the coils through 
a by-pass valve (see fuel system schematic). 

The outlet screen located aft of the reservoir assembly is shown in Figure 5-37. 
The unit consists of a perforated diaphragm equipped with a corrugated shaped screen 
seam welded at  the perimeter using a back-up strip. The assembly is bolted to a 
local land area  in the tank wall which contains tapped holes. Similar to the reservoir  
support area,  the outboard side opposite the tapped holes contains a ser ies  of local 
bosses for  accommodating the thread depths. 

5.2.2 OUTLET DUCT ACCESSORIES - The outlet duct is an assembly of elbows, 
flex joints and a special gimbal section for absorbing the engine interface motions 
during thrust vector control. It is required to equip the duct with an internal gas/ 
liquid interface screen, external heat exchanger coils, and a downstream relief line. 
Figure 5-38 shows the general arrangement and relations to the existing equipment. 
The heat exchanger section forward of the gimbal duct assembly is a helical coil 
brazed to the duct wall. For the gimbal portion, a single turn is used at three flanges 
and interconnected with jumper tubes which in turn incorporate flexing provisions for 
absorbing the lelgth changes between flanges. An alternate design would use flanges 
containing flow passages and terminal bosses for interconnecting the paths. 

The gas/liquid interface screen is a conical assembly containing a fitting at the base 
which in turn is welded to the duct components (see the arrangement for  the fiiel 
system), A relief line routing from the downstream side of the screen to a tank wall 
penetration boss is included, Both the heat exchanger supply and the relief tubes 
are  supported from the duet walls using clips a,nd standard clamps, Considerable 
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F i e r e  5-35. Oxidizer Reservoir  Structural Details, 
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F igure  5-36. Oxidizer Tank Reservoi r  Structural  Details,  
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Figure 5-39, Oxidizer Tank Inlet Screen Details, 
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Figure 5-38. Oxidizer Feed Duct Accessories, 
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rework of the oxidizer duct assembly is expected. The screen location shown will 
require redesign of the flanges and the interface between flanges and bellows. The 
revision is further complicated when considering jumpers which must have a fatigue 
life equal to or  greater than the bellows. 

5.2.3 WEIGHT ESTIMATES - Figures 5-39 and -40 summarize a detailed weight 
breakdown for the oxidizer reservoir, inlet screen and tank wall heat exchangers. 
The list includes all major structural members, screens, welding backup strips, 
material added to the tank wall for attachments, and an allowance for miscellaneous 
fasteners. Equivalent gages were used for those areas having perforations. The 
parts list includes the basic geometry for each component as  a reference. 

A similar weight analysis is shown in Figure 5-41 for the oxidizer feed duct access- 
ories. 

5.2.4 STRUCTURAL ANALYSIS -. Simplified approaches were used in sizing all 
structural members. The overall load condition is  shown in Figure 5-42 for the 
base ring of the conical section. The uniform'pressure acting on the forward sur- 
face creates a kick load at the base which is reacted by hoop tension in the ring. 

Figure 5-43 outlines the approach used for estimating the radial stiffener o r  stringer 
cross sections. The members in effect a re  continuous beam columns on elastic 
supports. A section of the beam between stiffener rings is isolated and treated as  
a uniformly loaded beam column with an end fixity equal to one. The member is also 
checked for critical buckling stress. A section of skin attached to the flange (which 
contributes to overall strength of the beam) is neglected in this analysis, For  com- 
pressive modes, i t  is assumed that a portion of the skin and the stringers share the 
loads. The uniform load "w" was determined by the pressure acting on the maximum 
panel size located at the base. The above i s  conservative but is assumed to compen- 
sate for additional requirements that may arise from a detailed investigation. 

The stringers for the conical section have intermediate elastic supports which a re  the 
rings located at the inboard side. An equivalent radius was assumed and the cross 
section of the rings estimated using the relation shown in Figure 5-44 which is for  
cylindrical shells, 

The ring at the forward end of the cone is exposed to external loading per the con- 
&tisns shows in Figure 5-45 . The member is checked for critical bucMing load, for 
eompress3ive stress, and the cross sectional area estimate, 

The forward screen is supported by a perforated sheel metal m e m b e r  \\Ij,ich is attached 
at the perimeter to the apex ring, The unit acts as a uniformly loaded &aphragm Mth 
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Figure 5-40. Oxidizer Reservoir Weight Estimate (Continued). 
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The conical  p r t i o n  of the reservoir  
is sLabject Lo a umiforna load due t o  Y 

i 

prope l lmt  impfngebnerai;. This loading 1%" w 10 PSI U L '  
causes a r a d i a l  react ion a t  %he base 
of  t he  core which is reacted with a 
r i n g  (see  Figure A ) .  

The t o t a l  load 

P = w X .785 ( 9 6 . 0 ) ~  
F igu re  A. 

= 10 X 7230 

The react ion per inch i n  t h e  y-y d i rec t ion  

The base r i n g  is i n  hoop tension a s  shown i n  Figure 
B. The magnitude of t h i s  tension load = NR ZR = 
658 x 96 = 63200#, 

The ult imate room temperature t e n s i l e  s t reng th  fo r  
2219-762 aluminum a l l o y  Ft  = 54000 ps i ,  therefore  
t he  cross sec t iona l  area  o!? t h e  r i n g  

The sect ion shown i n  Figure C i s  used. 

Figure B 

Figure 5-42, Oxidizes Reservoir 
for Conical. Section. 

Figure C 

Base Ring Estimate 



If the  s t i f f ene r s  ere t rea ted  8 s  beam 
co$.umns, 

MAX. PAmE 
P - 72300 ) X cos 20° X ( WmH 

NL = - = ( P ~ S S .  
= 10 x .939 x 10 = 93.9#/in. 

= 8800" 

24 i s  t h e  number of s t r ingers .  

The maximum bending moment 

w !42 
M = - I ( P )  * 8 

Figure A 

where 

h(p ) is  a function of CI = " 
E = Modulus of  E l a s t i c i t y  = 10 x lo6  

I = Cross Section Moment of  I n e r t i a  = ,03375 in4 

From Table A-7 p. 529 * t.h (P ) = 1. z8 

Bending St ress  = 
1218 x 75 

= 27000 psi 
.03375 

The s t r inge r s  a r e  subject t o  l oca l  buckling. 
The c r i t i c a l  buckling compressive s t r e s s  

where 

K, = buckling coeff icient  

tw 
= .315 and - = 1.0 

t~ 

From Figure ~ 6 - 4  *+ 

rC, = 4.30 Figure B 

++ Theory of E la s t i c  S t a b i l i t y  by Timoshenkq, Second Edit ion,  p 10 
B B ,  1965, p.  C6-2 and C6.3 

Fi-re 5-43. OAdizer Reservoir StiEener Estimate for Coded Section 

R- F K  v-vv 



V = Poisson's Ratio = .30 

(1 - $) = .91 

Figure B section is  used. It is  assumed tha t  the  compressive s t r e s s  is 
distributed t o  the  s t i f feners  and the skin (no skin buckling). A loca l  
doubler near the apex may be required. 

Figure 5-43, Gxidi z e r  Reservoir Stsfener Estimate 
fo r  Conical Section (Continued), 



The radlal s t i f f ene r s  Located om the 
fom~ard s ide  sf the  cone a r e  sulb jec t  

Loads due t o  ML. These 
members are  continuous bems on e l a s t i c  
suppods ( see F i w e  A ) .  The supg?orts 
i n  t h i s  case a r e  the r ings  located at  
t h e  inboard side. 

For estimating purposes, an equivalent 
cylinder is used and t h e  moment of 
i n e r t i a  sect ion "I" f o r  these  r ings  
expressed as  follows : 

C F X M X ~ 2  * 
I = EL 

where 

CF = coeff ic ient  = 6.84 x lom4 

Figure A 

2 M = Equivalent Moment = R N f  
1 L 

using an equivalent cylinder radius R1 = 40.0 

48 N i  fo r  Equiv. Cyl. = 698 X = 838#/in. 

Therefore 

E = Modulus of E l a s t i c i t y  = 10 x l o6  

L = Ring Spacing = 9.0 inches 

Use t h e  sect ion shown i n  Figure B 

* "Cecka. -per "SbpEif ied Analysis of General Instability of Stiffened 
Shel ls  in fire Bendin& & R. S b d e y ,  9949. 

Figure 5-44. Oxidizer Reservoir Conical Section Stiffener Ring Estimate. 



The r a d i a l  Load NR f o r  t b e  base member  
i s  reacted at the apex regiolz by a 
r i n g  subject t o  the loading conditions 
of F i w s  A and $, The c r i t i c a l  
r a d i a l  load 

where 

E = Modulus of E l a s t i c i t y  

= 10 x 10 6 

Figure A 

I = Cross Sect ion Moment of  I n e r t i a  I 
For NCR = NI; I 

I 

5264 (6 )3  = 
= -0379 in 4 % = 658 X 48 = 5264;#/in 

I = 6 
3 x 107 

3 

The compressive s t r e s s  may control  the  r i n g  
cross sect ion ra ther  than t h e  above re la t ion ,  
therefore using t h e  configuration shown i n  
Figure C,  t h e  cross sect ional  a rea  A = 3.5 x 
.17 = .595 i n  2 

Compressive s t r e s s  

Figure B 

Ftu fo r  2219-T62 A1 Aly = 54000 PSI (R.T.) 

Use Figure C cross sect ion o r  equivalent. 

Figure C 

, by- Timshenb ,  2nd Edition, Page 291, 

Figure 5-45. Oxidizer Reservoir Apex Ring Estimate for 
Conical Section; 



the edges held, An dfeetive g e e  is used and the maximum s t ress  and deflection 
estimated, per Figure 5-46 . To avoid stressing the screen, which may al ter  the 
alasoluk micron r a t i ~ ,  i t  is recommended I;lrat Ihe vJrire clo% member  include flex- 
ing provisions, 4$kzia latter feature would p e r m i t  the screen load to be transferred to 
the &aphrem,  .A s i m s a r  con&tion is s h o w  in Figure 5-47 for the outlet screen 
l o c a t ~ d  a f t  of the reservoir. A pleated type cross  section is required for  the outlet 
screen to satisfy the affective flow area. This configuration should include features 
fo r  transferring the load from the wire cloth to the perforated support member. 



EDCaES 

I 
i The screen at the apex region of t h e  comical 

sect ion i s  supported with a perforated sheet  which 
i s  subject t o  a uniform load. ( see  Figure A ) ,  
The load condition causes diaphraga s t r e s se s  

R = 5.C 

"SDtt i n  t h e  perforated member. 

* SD = 0.423 at  t h e  center.  w = 10 ps 

where 

E = modulus of e l a s t i c i t y  = 10 x 10 6 

t = .030 (minimum a f f ec t i z e  gage). 

Figure A 

= 12820 ps i  

The maximum def lect ion a t  t h e  center of 

= .I82 in .  

It may be required t o  form the  perimeter of t h e  
screen per Figure B t o  compensate fo r  t h e  PERIMETER 
def lect ion or  add s t i f f ene r s  t o  t h e  perforated WEID 
sheet. I 

SCREEN 1 

* Roark, 3rd Edit ion p. 223 

Figure 5-46. Oxidizer Reservoir Support &in Extimate 
for Forward Screen at Cone Apex. 



The ou t l e t  screen located a f t  of  t h e  reservoir  
is supported by a perforated diaphragm which 
is subject  t o  a uniform load. 

The s t r e s s  a t  t h e  center 

where 

Using an a f fec t ive  t = .030 

The def lect ion at t he  center 

y = ,662 R = .720 in .  

Figure A 

The screen design includes convolute type p lea t s  f o r  increasing t h e  
e f fec t ive  area.  This configuration should have suf f ic ien t  f l e x i b i l i t y  
t o  follow the  above deflect  ion without permanent deformation of t h e  screen. 

* 3rd Edition. P, 223 

Figure 5-47, Oxidizer Outlet Screen Support. 



5 , 3  OXIDIZER TANKER COLLECTOR =STEM DESIGN 

The coIlector system for the oxidizer tanker consists of eight channels intereomected 
at the equator with additional sections. The system includes a cylindrical reservoir 
located at  the tank outlet which i s  attached to the eight collectors. Figure 5-48 out- 
lines the general arrangement of the major components, and lists the design ground 
rules including loads, cooling coils and screened surfaces. A heat exchanger cir- 
cuit schematic for the support areas and the outlet zone is shown in Figure 5-49, 
The study was conducted in two parts covering the collectors and the reservoir. A 
simplified structural check was made for major components and a detailed weight 
breakdown generated for each area. 

Several structural approaches can be employed using honeycomb panels, truss core, 
waffle, monocoque and skin stringer frame. Each approach presents advantages and 
disadvantages relative to weight, manufacturing complexity, quality control, check- 
out, design complexity, cost and repairability. A comprehensive study would in- 
clude design cuts for each of the candidates with a final selection based on tradeoffs. 
For this effort the "skin stringer frame" method was used due to relative simplicity 
and adaptability to ordinary manufacturing methods. The above was also considered 
for the fuel and oxidizer systems on the SNB tanks. 

5.3.1 COLLECTOR STRUCTURAL DESIGN - The collectors a re  rectangular box 
members extending from the reservoir to the forward area and a re  contoured to 
follow the spherical wall of the tank. A typical cross section consists of four "ZEEV 
skaped stiffeners (or stringers) interconnected with two flat perforated panels (see 
Figure 5-50). The web sections of each stringer contain holes. Both the panels 
and the two outboard members a r e  covered with 'screens which a re  seam welded at 
the perimeters (using back up strips) which also serve as  structural attachments. 

An alternate approach is shown in Figure 5-51 which replaces the "2" sections 
with channels. This latter method separates the screen attachment from the struc- 
tural connections which may provide a manufacturing advantage. For example the 
panel can be equipped with capillary screens, checked out and cleaned prior to the 
final assembly. Furthermore the independent structural connection may be accom- 
plished by welding or riveting. If rivets a re  used, the spacing may become critical 
because the interfaces must form a seal equivalent to a wetted screen. Seam weld- 
ing is a reliable seal but presents disadvantages when considering re-work and 
maintaining a cleanliness level. 

The Figure 5-51 design may also provide advantages during the assembiy sequence. 
The two inboard channels for example a re  first attached to the face sheets using the 
1-1/2-inch space between the panels for back up tool access, The second phase 
eonsists of p o s i ~ o ~ n g  the two outboard members and attaching at the open flanged 
area, When us iw the '' Zu sections of Figure 5-50, one face sheet only is attached 
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Figure 5-48. Oxidizer Tanker General A rrangernent 
and Design Greund mles. 
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Figure 5 4 9 ,  Oxidizer Tanker Heat Exchanger Schema"cie, 
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to the stiffener flanges to permit tool access. When installing the second sheet 
sf Figure 5-50 the panel would have to be flexed to permit tool access for the 
inboard stringers. Flexing could cause damage to the screen assembly. 

Reduction of overall flow area due to the separate seam weld zones is a disadvantage 
of the Figure 5-51 design. This area reduction however can be overcome by in- 
creasing the overall dimensions of the channel which in turn increases the weight. 
Assuming that the change in area  has negligible overall affects, the Figure 5-51 
approach is recommended due to manufacturing and quality control advantages. 

Each collector is supported from the tank wall a t  5 planes (see Figure -5-48 ). A 
sixth attachment occurs at  the reservoir flanges. Two low conductive links and one 
drag strut provide the radial and tangential restraints at each of the 5 zones. Sup- 
port in a direction parallel to the collector run is provided by the reservoir. A 
typical design is shown in Figure 5-52. 

A perforated bulkhead o r  shear panel member is used to carry the loads from the 
stringers to the tank wall. Each side of the collector is equipped with a clevis type 
fitting which is interconnected to the stringers and the bulkhead using angle chips 
and rivets. One end of the support links and struts a re  pinned to the fitting and the 
opposite ends a re  attached to clevis type members which a re  welded to the tank wall. 
Figure 5-52 shows Zee type stringers but the arrangement is adaptable to the 
Figure 5-51 design by revising the end fittings as shown in Figure 5 - 5 1 ~  and 

5-60B. 

A force applied at the pin (see Figure 5-52 ) is transferred through the support 
fitting to the angle clips which in turn pass the load to the bulkhead web. This path 
can be reduced by extending the cross beam through the outboard channel members 
and attaching fittings directly to the web (see Figure 5-52A). An "I" section is 
used for &e cross members. A section of flange on each channel is removed and the 
intersections between webs and flanges are butt welded to ensure a seal. Two angle 
type fittings; incorporating raised land sections for controlling the clevis width and 
the pin bearing area; a re  riveted to the "1" and channel member webs. The primary 
load route is through the fitting to the web by the shear action on those rivets which 
penetrate the web of the "1" member. 

The disadvantage of the Figure 5-52A method is the requirement fo r  seal welds at  
the splice area since the outboard members a re  discontinued, When considering 
Figure 5-52 method (using "ZEE" o r  channel components) the load paths a r e  rela- 
tively indirect, however, the magnitude of these forces are  small and the overall 
weight penalties would be negligible. The Figure 5-52 approach is recommended. 
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The collectors are interconnected at the equator by eight channel sections equipped 
with end fittings which serve a s  supports, flow passage connectors; and allow for 
length changes due to tolerances and tank wall deflections. A typical design i s  
shown in Figure 5-53. One end of the assembly provides radial restraint only by 
using a sliding interface equipped with a boot seal. The opposite end i s  a flanged 
connection which supports the assembly in all planes. The rectangular shaped 
flanges a r e  equipped with short neck sections which in turn a r e  welded to the end 
adapter in the collectors. The arrangement shown i s  also adaptable to the Figure 
5-51 design which replaces the "ZEE" stringers with channel type members. 

5.3.2 RESERVOIR STRUCTURAL DESIGN - The collectors a re  interconnected at 
the outlet area of the tank with a reservoir equipped with flanged interfaces. The 
reservoir i s  a cylindrical member consisting of a screen covered perforated shell 
stiffened with rings (see Figure 5-54). The forward, aft, and the intermediate 
rings are  also equipped with screens which a re  supported by the perforated sheets. 
The screens, support sheets and the rings a r e  seam welded at the perimeter (see 
Figure 5-55). Stiffeners a r e  used on each of the flat panel sections. The aft ring 
contains the interface flanges including provisions for mounting onto the storage 
tank wall (see Figure 5-56). 

An alternate layout i s  shown in Figure 5-57 which separates the screen and struc- 
tural connections, and allows access to the intermediate compartments without 
severing components. These features may be an advantage when considering clean- 
ing, inspection, o r  repair. Each screen and the support diaphragm i s  fabricated 
a s  a sub-assembly which i s  cleaned and checked out prior to riveting o r  bolting to 
the support rings. The diameters of the intermediate sections a re  decreased to 
allow assembly after completion of the cylindrical shell section. The disadvantage 
of the Figure 5-57 design i s  a decrease in screen a rea  and a weight penalty due to 
the skirt selections on the rings. The Figure 5-57 configuration i s  recommended 
and is used for the weight estimate. 

5.3.3 HEAT EXCHANGER TUBES -- The outboard surface of the spherical storage 
tank is equipped with heat exchanger tubes for conducting heat locally at each collec- 
tor support area. A typical layout showing relations between attachments i s  outlined 
in Figure 5-58. The routing shown can be varied using additional bends o r  runs 
designed to exchange energy a t  two o r  more points at each support zone. Details 
of the attachments a re  given in Figure 5-59. The conductive points are  formed by 
brazing o r  welding the tubes to web sections which in turn a r e  welded to the tank 
wall. The tube is prevented from contacting the tank at the mid-span areas by 
a8aching low conductive washers to web pieces. For cases involving lengths which 
require intermediate supports, Figure 5-60 provides tank wa.11 fittings which a r e  
riveted o r  bolted to "&he tube webs using fiberglas angle clips, Tube bends can be 
used as  shown o r  the support clips may be reversed which would place the tube at 
the support points near the tank wall surface, therefore minimizing the amount of 
off set, 
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An alternate heat exchanger system is shown in Figure 5-60A which places the tubes 
inside the channels. The flow starts a t  a bleed point located on the forward end of a 
channel and is routed through the collector support pins. The circuits can be arranged 
in parallel o r  series depending upon the distribution requirements. The tubes are  
supported from the channel frame work using standard clamps. A typical pin fastener 
used for  interconnecting the support components and for conveying cooling fluid is 
shown in Figure 5-6013 . The pin incorporates a shoulder, a lock ring and two ends 
machined to permit butt welding to the heat exchanger tubes. The tubes which attach 
to each end of the pin a re  routed through the channel to the opposite side. 

The relations between bleed port, support pin, and the collector structure at the 
forward end is shown in Figure 5 - 6 0 ~  . The bleed terminal consists of a flanged 
boss (welded to the channel wall) containing internal threads and a seal land for 
receiving the orifice fitting. The orifice and pins are  interconnected in series with 
external jumper tubes which are  welded to the terminals. 

5.3.4 WEIGHT ANALYSIS -- A detailed weight analysis is shown in Figures 5-61, 
-62, -63 and -64 for the collectors and the reservoirs. The summaries include 
all structural members, fittings, screen, heat exchanger tubes, fasteners and a 
contingency allowance. Basic dimensions for most components a re  listed for 
reference. 

5.3.5 STRUCTURAL ANALYSIS - A simplified structural check for major compo- 
nents only was conducted. Figure 5-65 shows an estimate for the collectors which 
are  treated as simply supported uniformly loaded beams. A critical buckling check 
for the flat panel sections is included. It is assumed that no structural strength is 
derived from the screens. The flat panel sections are  also subject to the uniform 
loading condition shown in Figure 5-66. The deflections are  low which is  desirable 
for a screened covered surface. 

The flat diaphragms for the reservoir are exposed to a pressure differential which 
subjects the perimeter rings to the external loading condition shown in Figure 5-67. 
A ring cross section was estimated and a stiffener allowance for the flat sheets 
included. 

The reservoir perforated cylindrical shell i s  exposed to an external pressure which 
may cause buckling. Figure 5-68 shows an estimate which assumes a section be- . 

tween rings, simply supported edges, an equivalent thickness, and no contributions 
from the screen. 
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A Qpical channel cross  section consis"c s f  

four s tr ingers  welded to two panels which forms 

the box section shown in F i g u r e  A, The 

channels a r e  supported a t  s ix  points inside 

the ozidizer tank, A section spanning two 

supports is t reated a s  shown in Figure B. 

The approximate weight pe r  inch f o r  the beam 

is . 132. Assuming 10 gs,  W . 132 X 58 X 10 

= 76. 5#. The maximum bending moment 

UNIFORM 
r L O A D  

The deflection a t  mid-span Y = 5 ~ ~ 3  
84EI W 

Where 
Figure B 

I = moment of iner t ia  of total c r o s s  section 

= . 56 approx. 

The bending moment subjects the flat  panel 
- Mc sections to a compressive s t r e s s  Sc - - 

I 
where EDGES 

1. 5 SIMPLY c = -Z-.=.75 SUPPORT 

4. 5 

F i g u r e  C ,  

P i s r e  6-65. Oxidizer Tanker Collector Channel Panel Estimate, 



The critical. buckling s t ress  under the F i g u r e  G load conditions 

where  

Kc = buckling coefficient  

F r o m  c u r v e s  (PAGE C 5. 2*), 

Kc = 4. 0 

E = 10 X l o 6  = Modulus of e l a s t i c i ty  

Y = P o i s s o n ' s  r a t i o  = . 30 

t = Equivalent  panel  gage = . OZ 1 

- - 8550 : 790 ps i  
10.9 

Buckling will  not o c c u r  s ince  Sc 
CR) Sc. 

Figure 5-65, Oxidizer Tariker Co%lectsr Channel Panel 
E stirnate ((Continued). 



The flat panel sections of the channels are exposed 

t o .  10 ps iexternal  pressure .  The coefficient 

. 10 p s i  

EDGES 
HELD 

= 21.10 F igu re  A 

F r o m  table  

S = to ta l  s t r e s s .  (d iaphragm plus bending). 

7 . 0 0  x x (. 0 2  1j2 = 3!.90!_ : 1, 530 p s i  

y = deflection 

y = t X . 9 0  
- - 0 2 1  x . 9 0  

- - . 0189 inches  

*"R0ARK1' 3rd edit ion E). 222 

Fimre 5-66, Oxidizer Ta& Collector C b n n e l  Panel Estimate, 



A per fora ted  f l a t  panel  is a s sumed  a t  the fo rward  end a z 2 4  0  

which i s  exposed to a . 10 psi uniforrn load 

(See F i g u r e  A)* The d iaphragm stress 

SD = 0,  328 :g 
I F i g u r e  A. 

where  
i 
I E = Modulus of e las t i c i ty  = 10 X 10 6 
I 
I t =  . 020 equivalent  gage 

I 

0. 328 X 144 X lo9 = 1720 p s i  

NR = 1720 X t = 1720 X . U20 = 34.4 # / i n  F i g u r e  B. 

NR ex te rna l ly  loads  the fo rwa rd  r ing as shown i n  F igu re  B. The in i t ia l  

unit load p t  is' exp re s sed  by 

F o r  p t =  NR the c r o s s  sect ional  moment  of i ne r t i a  fo r  

the r ing  

R~ 
T - N~ 
I - 

3E F i g u r e  C. 

where  

F i g u r e  D. 

use the r ing pe r  F igu re  "C" o r  equivalent. Th ree  s t i f feners  f o r  the d i a -  

ph ragm a r e  included in  the weight ana lys i s  to compensate  f o r  v ibra t ional  

modes ( s e e  F i g u r e  Dj,  

F i m r e  5-67, Oxi&zer Tanker Cy4indrieal Reservoir Forward 
Panel and Ring Estimate. 



The m a x i m u m  deflection Y f o r  the diaphragm (excluding stiffeners ) 

**'!Theory of e las t i c  stabil i ty" by Timoshenko, 2nd ed i t i on ,  P. 29 1 

*IfROARK" 3 r d  edtion, P. 223 



The r e s e r v o i r  i s  subject  to an  ex te rna l  p r e s s u r e  

which may  cause  buckling of the cyl indr ical  

shel l ,  If a sect ion between two r ings  is isolated 

and the edges  a s sumed  sirnply supported 

( s e e  F igu re  -A) then: 

F c R  - ----- - Kp n E 

rl 12 ( 1  - p 2 )  

Figu re  A. 

where 

F c  = Allowable buckling s t r e s s  
R 

= Plas t i c i tycor rec t ion te rm 

I: 1. U f o r  our  c a s e  

E = Modulus of e las t ic i ty  = 10 X lo6  

P = P o i s s o n ' s  ra t io  . 30 

t = Wall gage. F o r  our  ca se  an  equivalent  thickness of . U L U  

i s  used since the she l l  i s  perforated.  The s c r e e n  i s  

neglected.  
(L12 2 112 K = Buckling coefficient which i s  re la ted to Z -r( 1 - U ) 

P 

f r o m  curve  on P. 14-7-4-4:k Kp 18 

1 Substituting the above, 

F c  2 
-- R -  18 x lo7  

1 = 225 ps i  

F c  
The c r i t i c a l  buckling p r e s s u r e  P c R  = R t  - - 225 X . U20 - 

R - , 187 ps i  

/The  applied p r e s s u r e  = . 1U ps i  ultimate. An . U4U perforated shel l  a p p e a i s  

Aerospace fluid component de s igne r s '  handbook, Vol. 11, Rev. C. Air  

o r c e  Rocket Propuls ion  Laboratory Resea rch  & Technology Div,  RPk-TOR 

Figure 5-68. Oxidizer Tanker B s e r v o i r  Cylindrical Shell 
Estimate. 



CONCLUSIONS AND RECOMMENDA TIONS 

CONCLUSIONS 

Based on the system comparison of Phase I capillary devices a re  effective means of 
cryogenic propellant control for large scale vehicles. This assessment was made on 
overall consideration of weight, reliability, cost and manufacturing feasibility. 

The design handbook developed as  part of this contract contains fluid, thermal and 
structural design information which should be used as a foundation for  capillary device 
design. This handbook contains a description of state of the a r t  techniques developed 
during the current contract including computer programs, parametric data, empirical 
correlations and design techniques. 

Current knowledge i s  adequate to successfully design a cryogenic capillary device for 
restart  o r  propellant transfer however, in order to minimize design conservatism and 
improve system performance additional research and development effort is  required 
in the following areas. 

RECOMMENDA TZONS 

To refine the capillary device cooling configuration prototype testing should be con- 
ducted with small scale models in cryogenic fluids to analyze effect of mixing in cap- 
illary device cooling and to verify the coupling of a thermodynamic vent system and 
capillary device. Thermal testing on a component level should be conducted to eval- 
uate the thermal conductivity of representative screen materials and to verify the use 
of a thermodynamic vent system and propellant control screen to maintain a feedline 
free of vapor. 

In the fluid analysis area  work is required to successfully predict liquid settling and 
reorientation under high Weber number conditions. Coupled with this study, refilling 
of capillary devices by reoriented collected fluid should be considered. Low gravity 
draining of a capillary device should be handled by coupling a technique similar to 
that embodied in the DREGS2 program with low gravity interface shape and pullthrough 
mdys i s  as it becomes available. Prediction of low gravity mixing must be made and 
successfully correlated with low gravity data. Some of this data is obtainable through 
drop tower testing. 

Fstbrieation of a large capillary device such as that rewired f u r  the LOX tanIier 
should be undertaken in order to verify subassembly fabrication procedures, and in- 



tank checkout and repair procedures. Procedures need to be estgblished for cap2lary 
dsvlce in-tank checkout pr ior  to lat~.nclil by mea,sr?ring capillary device bubble point 
and pressure  drops. 
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